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ABSTRACT 


On  the  basis'  of  the  two-layer  hypothesis,  a  two- 
dimensional  turbulent  wall-wake  (with  and  without  pres¬ 
sure  gradients)  has  been  investigated.  The  outer  layer 
was  assumed  to  vary  in  a  manner  similar  to  that  of  a 
two-dimensional  turbulent  plane-wake,  and  the  inner-layer 
in  a  manner  similar  to  that  of  a  two-dimensional  turbulent 
boundary  layer.  The  boundary  layer  type  of  equation  was 
then  analyzed,  and  suitable  relationships  for  the  decay 
of  maximum  velocity  defect,  and  the  growth  of  length 
scales,  were  established.  For  each  shape  and  size  of 
obstacle,  the  velocity  profiles  were  found  to  be  similar 
beyond  a  distance  of  about  25  h  (h  being  the  height  of 
the  obstacle)  from  the  obstacle.  The  outer  layer  profile 
was  found  to  be  described  well  by  the  classical  plane-wake 
curve,  while  the  inner  layer  was  described  by  the  'law 
of  the  wall'.  For  zero  pressure  gradient  flows,  the 
distance  from  the  wall,  of  the  point  of  intersection  of 
the  inner  and  outer  layers,  was  found  to  be  proportional 
to  the  half-wake  width.  The  constant  of  proportionality 
was  found  to  decrease  in  the  streaming  direction  for 
adverse  pressure  gradient  flows.  The  wall  roughness  and 
the  Reynolds'  number  gave  indications  of  the  thickening 
of  the  inner  layer. 
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Prandtl's  mixing  length  hypothesis  was  found  to 
give  good  results  for  zero  pressure  gradient  flows. 
Assumption  of  constant  eddy  viscosity,  based  on  Gart- 
shore's  (1965)  analysis,  was  found  to  give  satisfactory 
results  for  wall-wakes  with  moderately  strong  pressure 
gradients.  The  characteristic  Reynolds'  number, 
u-^b/v ,  was  found  to  be  an  important  parameter  for  ob¬ 
taining  the  skin  friction  for  adverse  pressure  gradient 
flows . 

There  was  an  indication  of  the  influence  of  the 
coefficient  of  skin-friction  on  wake-parameters  for  the 
weak  adverse  pressure  gradient  flow. 
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CHAPTER  I 

INTRODUCTION 


1.1  GENERAL 

The  occurrence  of  wakes  behind  obstacles  located  on 
walls,  which  are  called  "wall-wakes",  is  quite  frequent  in 
nature.  Any  protuberance  on  a  wall  exposed  to  a  moving 
stream  produces  the  type  of  flow  associated  with  a  wall- 
wake.  The  bed  configurations  in  a  channel  or  stream  or 
the  bed  materials  themselves,  if  they  are  large  enough, 
will  produce  wall-wakes.  However,  the  flow  past  the 
obstacle  may  not  always  be  two-dimensional  in  nature. 

Non- tangential  injection  of  fluid  through  a  slot  in  a 
wall  will  produce  a  flow  configuration  which  is  analogous 
in  many  respects  to  a  wall-wake. 

The  size  of  the  obstacle  on  the  wall  is  of  importance 
mainly  in  determining  the  nature  of  the  flow  far  down¬ 
stream  from  the  obstacle.  For  example,  if  the  height  of 
the  obstacle  is  small  enough  so  that  it  lies  within  the 
viscous  sub-layer  of  the  boundary  layer  of  the  section  in 
which  it  is  located,  no  appreciable  change  in  flow  cha¬ 
racteristics  will  be  noted.  We  may  say  that  the  flow  will 
ignore  the  presence  of  the  obstacle  (except,  perhaps,  in  a 
very  small  region  around  it) ,  if  the  obstacle  is  submerged 
in  the  laminar  sublayer  of  the  boundary  layer,  (Schlicting, 
1968) .  If  the  obstacle  is  large  enough  to  protrude  out  of 
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the  laminar  sub-layer,  but  is  still  confined  within  the 
thickness  of  the  boundary  layer,  then  its  presence  will 
be  readily  felt  for  quite  some  distance  downstream.  An 
essential  feature  associated  with  this  case  is  the  earlier 
transition  from  laminar  to  turbulent  boundary  layer, 
Liepmann  and  Fila  (1947) ,  Tani  and  Hama  (1953) .  The  flow, 
once  disturbed  by  the  presence  of  the  obstacle,  gradually 
attains  the  characteristics  of  a  fully-developed  tur¬ 
bulent  boundary  layer  as  it  proceeds  downstream  from  the 
point  of  disturbance.  The  velocity  profiles  in  this  region 
do  not  exhibit  any  wake  characteristics  which  can  be  at¬ 
tributed  to  the  presence  of  the  obstacle.  It  is  only  when 
the  obstacle  is  sufficiently  long  that  it  protrudes  out 
of  the  boundary  layer,  that  we  observe  a  marked  change  in 
velocity  profiles  quite  far  downstream  from  the  obstacle. 

In  such  a  case,  the  wake  and  wall  characteristics  of  the 
flow  contribute  equally  in  building  its  structure  for 
long  distances  downstream  from  the  point  of  disturbance. 

It  is  to  this  category  of  flow  that  we  give  the  name 
"wall-wake" . 

Flow  past  an  obstacle  that  is  fully  surrounded  by 
fluid  differs  in  several  ways  from  flow  past  one  that  is 
tied  to  one  of  the  flow  boundaries.  First  of  all,  the 
flow  in  the  wake  of  an  isolated  obstacle  is  free  to  os¬ 
cillate  about  the  plane  of  symmetry,  whereas  such  oscil¬ 
lation  is  wholly  prevented  in  the  case  of  the  wall-wake, 
Roshko  (1954,  1955).  Further,  the  presence  of  the  wall 
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causes  considerable  reduction  (30%-40%)  in  the  form  drag 
of  the  body  (Arie  and  Rouse,  1956).  The  striking  cha¬ 
racteristic  of  bluff-body  flows  with  no  boundary  is  that, 
for  all  Reynolds  numbers  above  a  few  thousand,  the  form 
drag  coefficient  is  approximately  constant.  From  this  fact 
we  can  deduce  that:  (1)  the  separation  behavior  of  the 
boundary  layers  formed  on  the  body  is  determined  by  body 
shape  alone,  and  (2)  the  flow  processes  in  the  wake,  which 
determine  the  base  pressure,  are  dominated  by  the  tur¬ 
bulence  generated  by  the  initial  shearing  between  the  free 
stream  and  the  separated  flow. 

1.2  EXISTING  WORKS 

Considerable  work  has  been  done  on  the  plane  tur¬ 
bulent  wake.  The  classical  work  is  that  of  Schlicting 
(1930),  which  is  based  on  Prandtl's  mixing  length 
hypothesis.  Tollmien  (1933)  solved  the  same  problem  on 
the  basis  of  von  Karmdn's  hypothesis.  Extensive  investi¬ 
gations  on  two  and  three  dimensional  plane  wake  have  been 
carried  out  since  then  and  some  of  the  important  works  are 
listed  in  additional  bibliography.  On  the  other  hand,  we 
find  very  little  work  done  in  the  field  of  wall-wakes. 

Most  of  the  available  observations  on  wall-wakes  are  pri¬ 
marily  concerned  with  the  effect  of  an  obstacle  on  transi¬ 
tion  and  separation  phenomena  in  the  boundary  layer. 

These  studies  have  treated  primarily  configurations  where¬ 
in  the  obstacle  is  wholly  or  partially  submerged  within 
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the  boundary  layer.  A  comprehensive  bibliography  on  this 
subject  can  be  found  in  Tani's  (1961)  work.  Experimental 
investigations  on  the  eddy  pattern  and  drag  coefficient 
for  bluff  bodies  attached  to  the  boundary,  have  been  done 
by  Wieghardt  (1953)  and  Arie  and  Rouse  (1956) .  Similar 
work  in  which  the  bluff  body  was  immersed  in  the  tur¬ 
bulent  boundary  layer  has  been  done  by  Good  and  Joubert 
(1968) .  The  effects  of  fluid  injection  through  the  boun¬ 
dary  have  been  examined  by  Torrence  (1967)  and  Mickley  and 
Davis  (1957) . 

1.3  SCOPE  OF  PRESENT  INVESTIGATION 

The  present  study  differs  considerably  from  other 
investigations  in  that  the  obstacle  is  located  almost  at 
the  leading  edge  of  the  wall.  It  thus  causes  a  large 
inviscid  disturbance  in  the  on-coming  flow  while  the 
boundary  layer  forms  downstream  from  it.  The  author  has 
not  come  across  any  investigation  on  flows  of  this  type. 
The  only  investigation  of  a  flow  that  bears  any  resem¬ 
blance  to  this  type  of  flow  is  that  of  Sforza  and  Mons 
(1969) .  Their  studies  were  mainly  concerned  with  flows 
past  objects  of  various  geometries  placed  at  the  leading 
edge  of  a  flat  plate.  The  experimental  results  were  com¬ 
pared  with  a  mathematical  model  based  on  the  Oseen 
linearization  for  wake-like  diffusive  flows.  Their 
studies,  however,  were  confined  to  the  region  of  de¬ 
veloping  flow  (x/h  <  100),  h  being  the  height  of  the 
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obstacle  and  x  being  the  longitudinal  distance  measured 
downstream  from  the  obstacle.  No  measurements  of  tur¬ 
bulence  quantities  were  made  by  Sforza  and  Mons . 

In  the  present  experimental  program,  a  simple  two- 
dimensional  object  placed  on  a  smooth  wall  was  investi¬ 
gated  first.  Measurements  of  mean  velocity  and  wall 
shear  stress  were  made  downstream  from  the  obstacle  at 
distances  of  up  to  five  hundred  times  its  height.  The 
experiment  was  repeated  with  obstacles  of  different  shapes 
and  sizes  in  order  to  determine  whether  the  shape  and  size 
of  the  obstacle  played  any  significant  role  in  its  in¬ 
fluence  upon  the  general  flow  characteristics.  In  one 
case  the  effect  of  bed  roughness  downstream  from  the  point 
of  disturbance  was  also  examined. 

The  study  was  then  extended  to  wall-wakes  with  ad¬ 
verse  pressure  gradients.  The  application  of  a  moderate 
pressure  gradient  can  exercise  a  large  influence  on  the 
decay  of  wake-characteristics.  Only  adverse  pressure 
gradients  which  would  not  cause  separation  of  the  boun¬ 
dary  layer  were  investigated  in  the  present  study. 

Another  objective  of  this  investigation  was  to  obtain 
data  on  turbulence  quantities.  For  this  reason,  turbu¬ 
lence  fluctuations  and  shear  stress  were  measured  for  two 
typical  cases  of  wall-wakes  on  a  smooth,  flat  wall  with 
zero  pressure  gradients.  An  investigation  of  the  effects 
of  wall  roughness  and  adverse  pressure  gradients  on  tur¬ 
bulence  quantities  in  a  wall-wake  comprised  the  final 
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section  of  the  experimental  program. 


1. 4  PRESENTATION  OF  THE  STUDY  AND  RESULTS 

The  following  arrangement  has  been  adopted  in  pre¬ 
senting  the  details  of  the  present  investigation. 

An  analytical  analysis  of  the  wall-wake,  with  and 
without  pressure  gradient,  is  presented  in  Chapter  II. 

The  analysis  is  based  upon  the  assumption  that  there 
exists  two  distinct  regions  of  flow  downstream  from  the 
obstacle.  Boundary  layer  similarity  has  been  assumed  for 
the  flow  in  the  region  close  to  the  wall  (termed  as  the 
"wall-region")  and  plane  wake  type  flow  has  been  assumed 
in  the  region  away  from  the  wall  (termed  as  the  "outer- 
region")  .  Working  from  the  observation  that  velocity  and 
shear  stress  profiles  are  similar,  the  analysis  predicts 
certain  basic  relationships  for  the  decay  of  velocity 
defect  and  growth  of  the  half-width  of  the  wake.  Dimen¬ 
sional  considerations  are  employed  to  obtain  a  number  of 
dimensionless  parameters  which  are  useful  in  the  presen¬ 
tation  of  the  experimental  results. 

In  Chapter  III  details  regarding  the  experimental 
arrangements  and  the  measurement  techniques  are  discussed. 
The  theory  of  hot-wire  anemometry  for  turbulence  measure¬ 
ments  is  presented,  and  certain  practical  difficulties, 
which  were  encountered  during  the  experimental  work,  are 
also  mentioned. 

The  measurements  of  mean  turbulent  quantities  are 
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analyzed  in  Chapter  IV.  The  effects  on  the  wall-wake  of 
shape  and  size  of  the  obstacle,  wall  roughness,  and  longi¬ 
tudinal  adverse  pressure  gradient,  are  discussed  with 
reference  to  the  experimental  data.  The  results  of  mean 
velocity  profiles,  wall  shear  stress,  decay  of  velocity 
defect,  and  growth  of  the  half-width  of  the  wake,  are 
presented  in  convenient  forms.  Also,  comparisons  of 
these  results  with  the  theoretical  predictions,  presented 
in  Chapter  II,  have  been  made. 

Turbulence  measurements  for  the  wall-wake  are  analyzed 
in  Chapter  V.  Prandtl's  mixing  length  theory  has  been 
tested  and  found  to  provide  an  adequate  description  for 
zero  pressure  gradient  flows.  Gartshore's  (1965)  eddy 
viscosity  hypothesis  was  tested  for  wall-wakes  with  ad¬ 
verse  pressure  gradient  flows  and  was  found  to  give 
adequate  results  for  moderately  strong  adverse  pressure 
gradients.  The  skin  friction  was  found  to  influence  the 
diffusive  behavior  of  the  wall-wake  with  the  weak  adverse 
pressure  gradient.  Turbulence  shear  stress  and  certain 
other  characteristic  turbulence  parameters  were  also 
analyzed,  and  comparisons  with  existing  measurements  for 
some  turbulence  parameters  are  presented. 

Conclusions  and  possible  extensions  and  applications 
of  the  present  study  are  discussed  in  the  final  chapter  - 
Chapter  VI. 

Some  typical  experimental  data  are  tabulated  in  the 


appendices,  A  and  B. 
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This  experimental  investigation  was  carried  out  in 
the  hydraulics  laboratory  of  the  University  of  Alberta, 
Edmonton,  Alberta,  Canada,  during  the  period  1970-1972. 


CHAPTER 


I  I 


ANALYTICAL  CONSIDERATIONS 

2.1  INTRODUCTION 

This  chapter  presents  a  theoretical  analysis  of 
two-dimensional  turbulent  wall-wakes.  Since  a  purely 
theoretical  solution  to  this  flow  phenomenon  is  not  pos¬ 
sible,  because  of  the  complex  nature  of  turbulent  flows, 
certain  approximations  have  to  be  made  in  the  basic  equa¬ 
tions  of  motion,  in  order  to  simplify  the  problem.  The 
selection  of  these  approximations  is  of  primary  impor¬ 
tance.  The  basic  concern  here  is  the  manner  in  which  a 
wake-like  disturbance  develops  downstream  on  a  flat 
plate.  Experimental  observations  on  the  existence  of 
similarity  of  flow  pattern  in  the  downstream  direction, 
make  it  easier  to  choose  suitable  approximations  for  the 
analysis  of  the  above  problem. 

In  Figure  2.1,  a  definition  sketch  of  a  two- 
dimensional  turbulent  wall-wake  formed  behind  an  obstacle, 
(a  sharp  edged  plate  resting  on  a  flat  plate)  is  shown. 

The  cartesian  coordinate  system  has  been  chosen.  In 
Figure  2.1,  h  is  the  height  of  the  obstacle  placed  at  the 
leading  edge  of  the  flat  plate  and  x  and  y  are  measured 
along,  and  normal  to,  the  flat  plate. 


9 


-61  i  Al  *  i  *  ' 

. 

j 


10 


11 


The  wake  behind  an  obstacle  on  a  flat  plate  is  found 
to  be  characterized  by  three  regions,  namely: 

(1)  Recirculation  region 

In  this  region  the  effect  of  vorticity  induced  by 
the  obstacle  is  dominant  over  the  effects  of  viscous  and 
turbulent  diffusion.  The  flow  separates  at  the  exposed 
edge  of  the  obstacle  and  reattaches  downstream  on  the 
flat  plate.  The  velocity  profiles  are  characterized  by 
negative  velocities  (back  flow)  directly  behind  the  ob¬ 
stacle,  and  considerably  greater  than  the  free  stream 
velocity  near  the  exposed  edge  of  the  obstacle. 

(ii)  Flow  Development  Region  (  or  Near-Wake  Region) 

In  this  region,  mixing  effects  due  to  the  shear 
layer  and  the  wall  infiltrate  the  flow  field.  The  velo¬ 
city  profiles  and  shear  stress  distributions  are  not 
similar  in  this  region. 

(iii)  Far-Wake  Region 

The  flow  field  in  this  region  has  a  wake-like 
character  in  the  area  which  is  away  from  the  wall.  The 
law  of  similarity  (discussed  below)  for  velocity  and  shear 
stress  distribution  holds  true  in  this  region.  The  pre¬ 
sent  investigation  has  been  carried  out  mainly  in  this 
region.  It  has  also  been  called  the  "decay-region"  for 
the  simple  reason  that  the  disturbance  to  the  flow  field, 
created  by  the  obstacle,  tends  to  decay  in  this  region. 

In  the  following  pages,  however,  this  region  is  referred 
to  as  the  "far-wake  region". 


i 

> 

* 


. 


2.2 


SIMILARITY  OF  FLOW  AT  HIGH  REYNOLDS  NUMBERS 


In  a  turbulent  flow,  suitably  defined  by  boundary 
conditions,  there  is  a  main  structure  that  is  independent 
of  the  fluid  viscosity,  provided  that  it  is  not  too 
large.  In  other  words,  geometrically  similar  flows  are 
similar  at  high  Reynolds  numbers. 

The  principle  of  Reynolds  number  similarity  may  be 
stated  as  follows:  In  a  fully  turbulent  flow,  there 
exists  a  region  over  which  the  direct  action  of  vis¬ 
cosity  on  the  mean  flow  is  negligible,  i.e.,  the  Reynolds 
stresses  are  large  compared  with  the  mean  viscous  stresses. 
Within  this  region,  mean  motion  and  the  motion  of  the 
energy-containing  components  of  the  turbulence,  are  de¬ 
termined  by  the  boundary  conditions  of  the  flow  alone. 

The  effect  of  the  fluid  viscosity  is  negligible. 

The  reasons  for  the  existence  of  Reynolds  number 
similarity  in  turbulent  flow  are  to  be  found  in  the  nature 
of  the  transfer  and  dissipative  processes  in  turbulent 
motion.  Quoting  Townsend  (1956-a) : 

"It  appears  to  be  a  consequence  of  the  non-linear 
form  of  the  Navier-Stokes  equations  that  an  initially 
smooth  distribution  of  velocity  will,  in  the  absence 
of  viscosity,  develop  velocity  discontinuities.  In 
a  fluid  of  finite  viscosity,  the  diffusive  action  of 
viscosity  tends  to  smooth  out  the  discontinuities, 
but  except  at  the  immediate  neighbourhood  of  the 
original  discontinuity  the  resultant  velocity  dis¬ 
tribution  remains  unchanged.  The  only  effect  of  a 
change  in  the  viscosity  is  to  change  the  spatial 
extent  and  the  magnitude  of  the  large  velocity  gra¬ 
dients  near  the  original  discontinuity,  leaving  the 
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motion  between  the  discontinuities  much  as  it 
would  be  with  zero  viscosity.  There  is  a  great 
deal  of  evidence,  both  direct  and  indirect,  for 
the  validity  of  this  principle,  and  it  is 
fundamental  to  all  turbulent  flows." 

2.3  SELF-PRESERVATION  OF  DEVELOPING  FLOWS 

In  a  developing  flow,  the  transverse  distributions 
of  mean  velocity  and  other  mean  quantities  change  as  the 
position  in  the  down-stream  direction  changes,  but  the 
distributions  are  subject  to  various  restrictions,  such 
as  the  conservation  of  momentum  and  energy.  It  is  often 
assumed  that  the  mean  quantities  retain  the  same  func¬ 
tional  forms  while  changing  mainly  in  scale.  For  a  par¬ 
ticular  flow  to  be  self-preserving,  it  is  necessary  that 
the  variation  of  any  mean  quantities  over  any  plane, 
x  =  constant,  should  be  expressible  non-dimensionally 
through  suitable  scales  of  length  and  velocity,  say  1q  and 

u  ,  as  a  universal  function  of  (y/l  ) .  The  scales  of 
o  o 

length  and  velocity  are  functions  of  x  only.  The  principle 
of  self-preservation  asserts  that  a  moving  equilibrium 
is  set  up  in  which  the  conditions  at  the  initiation  of 
the  flow  are  for  the  most  part  irrelevant,  and  the  flow  in 
all  sections  is  geometrically  similar. 

The  analysis  of  the  dynamics  of  self-preserving 
flows  involves  only  the  equation  of  mean  motion,  and  does 
not  prove  that  self— preserving  flow  is  possible.  It  is 
possible  that  the  other  dynamic  conditions  may  prevent  the 
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establishment  of  self-preserving  flow.  All  available 
experimental  evidence  for  shear  flows  indicates,  however, 
that  self-preserving  flows  occur,  if  a  self-preserving  form 
of  the  equation  of  mean  motion  is  physically  possible. 

2.4  THE  TWO-DIMENSIONAL  FLOW;  SELF-PRESERVATION 
Townsend  (1956-a)  has  shown  that  the  two-dimensional 

wake  flow  can  only  be  self-preserving  if  the  velocity 
variation  across  the  flow  is  small,  as  compared  with  the 
free  stream  velocity.  Two-dimensional  wake  flow  satis¬ 
fies  this  condition  far  downstream  from  the  obstacle 
which  produces  it.  For  two-dimensional  plane  wakes  behind 
circular  cylinders,  the  flow  is  roughly  self-preserving 
beyond  x/d  =  500  (where  d  is  the  diameter  of  the  cylinder) , 
and  accurately  so  beyond  x/d  =  1000.  These  distances  are 
so  large  that  not  many  measurements  have  been  made  in  the 
range  close  to  self-preservation.  Fortunately,  the  most 
violent  departures  from  self-preservation  occur  within 
one  hundred  diameters  of  the  cylinder,  and  so  measure¬ 
ments  just  beyond  this  limit  may  be  used  to  infer  the 
nature  of  the  self-preserving  range  at  high  Reynolds 
numbers . 

2 . 5  SIMILARITY  ANALYSIS  QF  TWO-DIMENSIONAL  WALL-WAKES 
The  present  analysis  of  two-dimensional  turbulent 


wall-wakes  is  based  on  the  assumption  that  the  flow 
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region,  at  a  distance  far  downstream  from  the  obstacle, 
can  be  divided  into  two  distinct  regions:  (i)  the  outer 

region  and  (ii)  the  inner  or  wall  region. 

( i)  Outer  region: 

This  is  the  region  away  from  the  wall  in  which 
inertial  forces  predominate  over  the  viscous  forces,  and 
the  effect  of  the  wall  on  the  flow  field  is  negligible. 

In  other  words,  it  is  assumed  that  the  flow  in  this 
region  is  not  much  different  from  that  of  a  two-dimensional 
plane  wake.  Thus,  the  velocity  and  shear  stress  distribu¬ 
tion  in  the  outer  region  should  be  approximately  the  same 
as  for  that  of  a  two-dimensional  plane  wake. 

(ii)  Inner  region: 

The  inner  region  which  is  adjacent  to  the  wall  is 
where  the  effects  of  the  wall  predominate.  The  flow  field 
in  this  region  is  completely  different  from  that  of  a 
plane  wake.  Surface  conditions  of  the  wall  greatly  in¬ 
fluence  the  flow  in  this  region.  It  is  reasonable  to  say 
that  the  flow  in  the  inner  region  of  a  turbulent  wall-wake 
would  behave  in  a  manner  similar  to  the  flow  in  the  inner 
region  of  a  turbulent  boundary  layer,  under  the  same  wall 
conditions . 

There  is  no  distinct  line  of  demarcation  separating 
these  two  regions  and  there  is  a  possibility  that  they  may 
overlap  in  a  given  section  of  the  flow  region.  The  wake 
type  and  boundary  layer  type  of  analyses  for  the  outer  and 
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inner  regions,  respectively,  are  presented  in  the  fol¬ 
lowing  pages. 

2.6  THEORETICAL  ANALYSIS  OF  THE  OUTER  REGION 

The  outer  region  of  a  turbulent  wall-wake  can  be 
analyzed  with  the  aid  of  the  assumption  that  the  flow 
field  in  this  region  is  not  much  different  than  that  of 
a  plane  turbulent  wake.  The  velocity  and  shear  stress 
distributions  are  similar  in  the  far-wake  region.  This 
means  that  they  vary  from  section  to  section  only  in  mag¬ 
nitude,  and  if  suitable  parameters  for  velocity  and  length 
are  chosen  to  non-dimensionalize  the  data,  they  will  all 
fall  on  a  single  curve.  Because  of  the  assumption  that 
the  flow  in  the  outer  region  has  a  wake-like  character, 
the  parameters  that  would  suitably  describe  the  flow  in 
this  region  should  be  the  same  as  for  that  of  a  plane  wake, 
viz.-  the  maximum  velocity  defect  and  the  half  width  of 
the  wake.  Maximum  velocity  defect  is  a  hypothetical  quan¬ 
tity  in  the  case  of  the  wall-wake.  In  this  case  it  does 
not  reach  its  plane  wake  value;  rather,  it  approaches 
zero  because  of  the  presence  of  a  solid  boundary 
(Figure  2.1).  In  the  present  analysis,  however,  we  will 
employ  the  hypothetical  velocity  defect,  u^m,  and  the 
half-width  of  the  wake,  b,  the  ordinate  at  which  the  velo¬ 
city  defect  is  ^  /2  (Figure  2.1),  as  the  non-dimension- 
alizing  parameters  for  velocity  and  length  respectively. 
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Now,  assuming  that  the  flow  around  the  obstacle  is  in- 
depent  of  the  Reynolds  number,  the  similarity  principle 
requires  that: 
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where  u,  and  b  are  functions  of  x  only.  U  and  t  are 
lm  2 

free  stream  velocity  and  shear  stress  respectively,  and 
f  and  g  denote  functional  relationships. 

The  Reynolds  equations  for  the  two-dimensional 
case  in  the  cartesian  coordinate  system  can  be  written  as 
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and  the  equation  of  continuity  as: 

(2.3) 

Where,  u  and  v  are  the  (time)  mean  velocity  components  in 
the  x  and  y  directions  respectively, 
u'  and  v'  are  the  fluctuating  components  of  the 
velocity 

p  is  the  mean  pressure 
p  is  the  mass  density,  and 
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v  is  the  kinematic  viscosity  of  the  fluid. 


2.6.1  BOUNDARY  LAYER  SIMPLIFICATION 
OF  THE  EQUATIONS  OF  MOTION 

A  characteristic  feature  of  turbulent  wake  (as 
well  as  jet)  is  the  limited  extent  of  the  wake-width  in 
the  transverse  direction.  The  pressure  across  any  section 
can  be  considered  constant.  Thus  boundary  layer  type  ap¬ 
proximations  can  be  applied  to  the  equations  of  motion. 
These  approximations  are: 

(i)  Beyond  a  certain  initial  reach  from  the  obstacle, 
y  <<  x. 

(ii)  The  transverse  component  of  velocity,  v  <<  u  in 
the  major  portion  of  the  flow  field. 

(iii)  The  fluctuating  components  are  much  smaller  than 
the  mean  components. 

(iv)  The  velocity  gradients  in  the  y  direction  are  much 
larger  than  those  in  the  x  direction. 

A  study  of  the  order  of  magnitude  of  the  equations  of 
motion  (Equations  2.2)  will  lead  to  the  following  set  of 
simple  equations: 
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Combining  the  second  and  third  terms  on  the  right  hand 
side  of  equation  (2.4),  we  can  rewrite  the  above  equation 


as : 

3u  3u  1  3p  ^  1 

3x  3y  p  3x  p 

f  (2-6> 

where,  t  =  total  shear  stress 

=  VTt 

t  ^  =  viscous  shear  stress 

9u 

=  ^ 

=  turbulent  shear  stress  =-pu'v' 

2.7  WALL- WAKE  WITH  ZERO  PRESSURE  GRADIENT 

The  equation  of  motion  for  the  turbulent  wall-wake 
can  further  be  simplified,  for  the  zero  pressure  gradient 
case,  by  substituting  3p/3x  =  0  in  equation  (2.6).  The 


final  equations  then  become: 

3u  9u  _  1  9t 

u3x  v3y  p  3y 

(2.7) 
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2.7.1  MOMENTUM  INTEGRAL  EQUATION 

Integrating  equation  (2.7)  between  the  limits  y  =  0 
and  y  =  °°,  we  obtain. 
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Integrating  the  second  term  on  the  right  hand  side  of  the 
equation  by  parts,  we  obtain 


f  oo 

/  \  00  3v  ,  , 

(v-u)o  -  w  U  Y 

0 

Substituting  for  v  from  the  equation  of  continuity,  and 
applying  the  boundary  conditions, 

u=v=0aty=0 

=  U  =  U  at  y  = 
o 


and 


u 


OO 


. 


' 
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we  get, 


r  °o 


9u  j 

va?  dy  = 


=  -u 


o 


CO 


9u 

3x 


dy  + 


9u  _ 

u3?  dy 


d_ 

dx 


u.U  dy  + 

o  2  dx 


00 


2  , 
u  dy 


Thus,  the  left  hand  side  becomes 


d_ 

dx 


00 

(u2-uUq)  dy 

o 


where  Uq  is  the  free  stream  velocity. 
The  right  hand  side  of  the  equation  is: 


■°°1  9_r 

0p  3y 


dy 


by  applying  the  boundary  conditions: 

x  =  0  at  y  =  00 ,  and 

t  =  wall  shear  stress,  t  at  y  =  0 

o  2 

We  obtain  the  momentum  integral  equation  in  the  form 


d_ 

dx 


00 


p  u  (UQ-u)  dy  =  x q 


(2.8) 


V 


If  we  assume,  as  a  first  approximation,  that 
is  very  small  and  can  be  neglected,  then  equation  (2.8) 
can  be  reduced  to: 

00 

p.u.  (U  -u)  dy  =  0 

o 


d_ 

dx 


Integrating  both  sides  of  the  above  equation  with 
respect  to  x,  we  get 


OO 

p.u. (U  -u)  dy  =  constant  =  F  (2.9) 

o  u 


where  the  constant  is  identifiable  as  the  drag  force. 
Substituting  equation  (2.1)  into  equation  (2.9), 


we  get 


0° 

U  u,  f  b  dA 
o  lm 

o 


00 


'  0 


b  dA 


where  A  =  y/b 

2  . 

Dividing  throughout  by  Uq  in  the  above  equation, 
and  taking  the  terms  which  are  independent  of  X  ,  outside 
the  integral  sign,  we  get: 


u 


lm 


U 


u. 


f  dX  -  (^)2  b 


dX  = 


D 


pu; 


(2.10) 


* 


' c  5Q'  :•  •. 


.  U  .  '■ 

' 
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Equation  (2.10)  is  further  reducible  in  the  "far- 
wake  region".  If  we  introduce  the  fact  that  u^m  <<  Uq 
in  the  "far-wake  region",  so  that  the  term  containing 
Ulm  2 

(y — )  is  very  small  and  can  be  neglected,  we  get 
o 


,CO 

f  dX 
o 


Since  the  term 


co 

fd\  =  F 
o 

is  independent  of  x  and  is  a  finite  quantity,  we  can  write 


u  i 

/  lm,  u  _  D 

(U - }  b - 2 

o  F.pU 

1K  o 


The  drag  force  can  be  written  as 


pU“ 

Ft,  =  C  -~-.h 

D  Do  2 


CDq  being  the  drag  coefficient, 


Thus , 


(^>  b  =  <^>  h 
o  1 


^  ,Ulm,  ,  b .  _  1 

°r'  (U  }  hCn  }  2F, 

o  Do  1 


(2.11) 


2  4 


In  all  the  turbulent  wake  (as  well  as  jet)  problems, 
it  has  been  observed  that  the  maximum  velocity  defect, 
u^m  (or  maximum  velocity  in  the  case  of  turbulent  jet) , 
and  the  wake-width,  b,  vary  as  some  power  of  x.  It  is 
appropriate  to  assume,  therefore,  that 


and ,  b  a  x*^ 

where  p  and  q  are  the  exponents  to  be  determined. 

If  we  examine  equation  (2.11)  we  see  that  while  the 
left  hand  side  of  the  equation  is  proportional  to  x^+<^, 
the  right  hand  side  is  independent  of  x.  Thus,  for 
similarity  we  must  have 


p  +  q  =  0  (2.12) 

A  second  equation  between  p  and  q  can  be  obtained 
if  we  substitute  equations  (2.1)  into  equation  (2.7)  and 
simplify.  We  thus  obtain: 


U 

—  b'  A  f ' 

U, 


U  u* 
o  lm 


u 


f  +  b 


u 


u 


lm  f2 


lm 


lm 


b'  A  ff' 


u‘  r  A 

-b  JSf' 


u 


lm 


f  dA  +  b 1 f ‘ 


Af*  dA  + 


v 


o 


bu 


lm 


f"  =  g'  (2.13) 


where , 


b-  =  2k 
D  dx 


-i.  ■ 


f  '  = 


df 

dX 


= 

dX 


f"  = 


d^f 

dA2 


In  equation  (2.13)  we  see  that  the  first  two  terms 

_  1 

on  the  left  hand  side  are  proportional  to  (UQ/u^m)xq 
while  the  third,  fourth,  fifth  and  sixth  terms  are  propor- 
tional  to  .  In  the  " far-wake  region",  where  u^m<<UQ, 

these  four  terms  are  very  small  in  comparison  with  the 
first  two  terms  and,  hence,  as  an  approximation  we  can 
drop  them.  Also,  the  last  term  on  the  left  hand  side, 
(v/bu^^) f " ,  is  the  viscous  term  and  is  usually  very  small, 
except  near  the  wall.  In  the  outer-region,  therefore,  we 
can  neglect  it.  The  equation  of  motion  (2.13)  in  the 
outer  portion  of  the  "far-wake  region"  can  then  be  ap¬ 
proximated  to 


U 


u 


X  f'  - 


U  u' 
o  lm 


lm 


u 


lm 


b 


f  =  g* 


(2.14) 


. 


* 


Since  the  left  hand  side  of  equation  (2.14)  is 
proportional  to  x^  ^  \  and  the  right  hand  side  is  in¬ 
dependent  of  x,  for  similarity  we  must  have 


q  -  p  -  1  =  0 


(2.15) 


Solving  for  p  and  q  from  equations  (2.12)  and 

(2.15)  we  get 


q  =  2 


) 


(2.16) 


P  =  -  2  > 


or. 


and , 


u..  ax 
lm 


-1/2  ) 
) 
) 


b  a  x 


1/2 


(2.17) 


It  is  to  be  noted  that  the  exponents  p  and  q  are 
the  same  as  in  the  case  of  a  plane  turbulent  wake. 

Neglecting  the  effect  of  viscosity  we  could  write 


ulm  =  fl  (FD'  x'  p) 


From  dimensional  analysis,  it  can  be  shown  that 


u 


lm 


(FD/px)1/2 


=  C. 


constant 


' 
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.  2 
Substituting  for  F_  =  h  C  p  U  /2,  we  qet 

D  Do  o 

Ulm  ,-1/2 

U  —  (x/hC^Q)  (2.18) 

o 

C1 

where  ci  =  72  =  constant 

Equations  (2.18)  and  (2.11)  indicate  that  the 

length  scale  is  h  Cn  . 

Do 

If  we  substitute  equation  (2.18)  into  equation 
(2 . 11) ,  we  obtain 

KcT  =  C2  (x/hCDo> 1/2  <2‘19> 

Do 

where  C 2  =  jp =  constant  (2.20) 

Equations  (2.18)  and  (2.19)  indicate  variation  of 
maximum  velocity  defect,  and  of  wake  width  respectively, 
with  reference  to  x.  The  coefficients  and  are  to 
be  determined  experimentally. 

2.7.2  EXPRESSION  FOR  VELOCITY  PROFILE 
IN  THE  "FAR-WAKE  REGION" 


The  expression  for  velocity  profile  in  the  "far- 
wake  region"  can  be  derived  in  a  manner  similar  to  that 


employed  by  Schlichting  (1930)  for  the  turbulent  plane- 
wake.  Prandtl's  mixing  length  hypothesis  will  be  em¬ 
ployed  in  this  respect. 

The  shear  stress  in  the  outer  portion  of  the  "far- 
wake  region"  can  be  approximated  by 


(2.21) 


where  Tt  =  turbulent  shear  stress  =  -pu'v'  and  l  is  the 
mixing  length,  which  is  assumed  to  be  proportional  to  the 
total  width  of  the  wake  (Schlichting,  19  30)  .  Thus  we 
can  write: 


Z  =  kb 


(2.22) 


where  k  is  a  constant 


If  we  substitute 


into  equation  (2.14)  and  simplify,  we  obtain  the  equation 
of  motion  for  the  "far-wake  region",  in  the  following  form 


Equation  (2.23)  is  easily  solved  with  the  use  of 
equations  (2.18),  (2.19),  (2.21)  and  (2.22).  The  fol¬ 

lowing  differential  equation  is  then  obtained: 

2  ^1 

f  +  Xf*  =  4kz  pi  f'f"  (2.24) 

C2 


The  above  differential  equation  can  easily  be 
solved.  The  left  hand  side  of  equation  (2.24)  can  be 
reduced  to 

h  <Xf> 

and  the  right  hand  side  to 


2k^  — ( f 1 2 ) 
K  C2  dX  U  } 


Hence,  the  differential  equation  (2.24)  reduces  to 


||  =  k  X1/2  f1/2 
dA 


(2.25) 


where 


k  =  (c2/2C1k2)1/2 


Solving  equation  (2.25)  we  get 


2f1/2  =  |  k  X3/2  +  C 


(2.26) 


where  C  is  the  constant  of  integration. 


' 


For  plane  turbulent  wakes  the  constant  C  can  be  de¬ 


termined  by  applying  the  boundary  condition 

at  A  =  0 ,  f  =  1,  and  hence,  C  =  2 
thus  f1/2  =1+|  A3/2 

The  constant  k  can  be  determined  by  applying  the 
boundary  condition 

at  A  =  1,  f  =  1/2,  thus  k/3  =  -0.293 
Hence,  f  =  (1-0 . 29 3A3/2 ) 2  (2.27) 

Equation  (2.27)  can  be  rewritten  as 


U  -u  3/2  _ 

—  =  (1-0.293  )2 

ulm  D 


(2.28) 


It  is  shown  in  Chapter  IV  that  the  above  expres¬ 
sion  for  velocity  profile  of  the  turbulent  plane-wake 
describes  the  flow  in  the  outer  region  of  wall-wake  very 
well . 

Besides  equation  (2.28)  there  are  two  empirical 
equations  which  describe  fairly  well  the  distribution  of 


velocity  defect  for  the  plane-wake.  These  are: 


U  -u 
o 


-0.693 (^) 2 
e  b 


(2.29) 


and  li  - 

u, 

lm 


U  -u 
o 


U  +  cosf  £) 


(2.30) 


for  2  >  ^  >  -2 
=  b  = 

In  the  present  analysis,  however,  Schlichting ' s  equation 
(equation  2.28)  has  been  employed. 

2.7.3  SHEAR  STRESS  DISTRIBUTION 
IN  THE  " FAR- WAKE  REGION" 

The  expression  for  shear  stress  in  the  "far-wake 
region"  can  be  derived  with  the  help  of  the  mixing-length 
hypothesis.  The  shear  stress  at  any  point  can  be  written 
as : 


(2.31) 


Schlichting  experimentally  found  that  the  mixing  length 

l  =  0.18b 

where  b  =  2.27b  is  the  total  width  of  the  wake. 


. 


IE  ■  !  -  ■  '  .  -  srf'i 


' 

. 


Differentiating  equation  (2.28)  with  respect  to  y 


we  obtain: 


u. 


|H  =  0.879  (£)1/2  (1-0. 293 (g) 3/2 ) 


get: 


Substituting  for  i  and  in  equation  (2.31),  we 


—75 —  =  0.128  (£)  {1-0.293  (ft3/2}2  (2.32) 


pu 


lm 


In  summary,  the  flow  characteristics  in  the  far- 
wake  region  of  a  turbulent  wake  are  defined  by  the  fol¬ 
lowing  set  of  equations: 


f  = 


u  -u  0 

0  -  =  (1-0.293  X  '  ) 


u 


lm 


) 


u 


lm  =  c,  (,-■*—  -)-1/2 


U  ~1  h .  C 

o  Do 


b  =  r  (  ^-)l/2 


h.  C_  ~2  h .  C 
Do  Do 


(2.33) 


g  = 


-V-  =  0.128  X  (1-0.293X3/2)  2 


pu 


lm 


Where  X  =  r- 
b 


nr  i  ^  s  :n  .  c  r  \t  Icrd  j:  b  j>  non- 


1 


.  rt  i 
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The  constants  and  were  experimentally  de¬ 
termined  by  Schlichting  as 


C 


1 


1.0 


C 


2 


0.2*5 


Equations  (2.33)  have  been  found  to  give  satis¬ 
factory  results  for  turbulent  wall-wakes.  Some  variations 


in  the  coefficients  and  have  been  found,  and  these 


will  be  discussed  in  Chapter  IV. 

2 . 8  "NEAR-WAKE  REGION” 

We  define  the  "near-wake  region"  as  the  region 
where  u^m  ~  Uq  and  hence,  we  cannot  neglect  the  higher 
powers  of  (u^m/Uo)  as  an  approximation.  The  flow  field 
in  the  "near-wake  region"  can  be  analyzed  in  the  fol¬ 
lowing  way: 


Let 


fn  dX  =  F 


n 


o 


u 


lm 


U 


a 


o 


Do 


Then,  we  can  rewrite  equation  (2.10)  as 


2a$  (F^-aF^)  =  1 


(2.34) 


i 


' 

/ 


2.8.1  ENERGY  INTEGRAL  EQUATION 


We  can  construct  the  energy  integral  equation  by 
multiplying  the  equation  of  motion  (equation  2.7)  by  u, 
and  integrating  between  the  limits  y  =  0  and  y  =  °°.  After 
simplification,  the  result  is 


d_ 

dx 


dy 


dy 


(2.35) 


If  we  substitute  u^  =  Uq-u  into  this  equation  and 
evaluate,  the  left  hand  side  becomes: 


£  U3  (2  F,  —  a8  -3F  —  a28  +  F~  ~  a38) 

dx  dx  dx 


where , 


x  = 


h.C 


Do 


and  the  right  hand  side  of  equation  (2.35)  is 


8u 

t  tt—  dy  = 

,  3y 


/•oo  „  8u. 

pun_  g^TT-  dy 


lm  ^  3y 


T 


since , 


=  g (y/b)  =  g(A) 


-  ' 
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If  we  substitute  for 


and 


u. 


u, 

lm 

3u^ 

W~ 


f  (X) 


=  u 


lmb 


we  get. 


3u 

= 


-  pu 


lm 


f 1 . g. dX 


Since  the  integral 


f ' .gdX  is  independent  of  x. 


we  can  write  this  integral  as,  (say),  then  equation 
(2.35)  takes  the  form: 


2  F  ~  (aB)  -  3F  (a2B)  +  F  ^  (a3B)  =  -2a3G  (2.36) 

dx  dx  dx 


The  two  unknown  quantities  a  and  B  are  solved  for 
by  using  the  two  equations  (2.34)  and  (2.36)  in  the  fol¬ 
lowing  manner. 

Let  aB=h 

From  equation  (2.34)  , 


1 

2 (Fx-aF2) 


n 


(2.37) 
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Substituting  for  n  in  equation  (2.36),  we  get 

2  Fi  -  3  f2  (a^=  +  n~)  +  F  (a2  ^  +  2an^) 
dx  dx  dx  dx  dx 


=  -2a  G. 


or 


~  (2  F1  -  3aF2  +  a2  F  ) 
dx 


„  da  0  „  da  „  3^ 

3  F„  g—  -  2  F  ag—  -  2a  G, 

dx  J  dx  1 


(2.38) 


Differentiating  equation  (2.37)  with  respect  to 
x,  we  get 


dg  _  i_ 
2 

dx 


_ 2 _  da 

(F.-aF.)2  dx 


(2.39) 


Substituting  for  dg/dx  in  equation  (2.38)  we  get 


j  (2  F1  -  3aF2  +  a2  F3) 


2  da 

(F^-aF2 ) 2  dx 


3  F2  2  F3a  da  0  3^ 

2  <F1  -  aF2>  di  "  1 


or 


2aF  F  -  a  F„F  -F  F 
,  13  23  1  2 N  da 

^  o  '  _ 

dx 


-2a3G. 


2 (F1-aF2) 


or. 


da  4“3g1  <F1-“F2>2 


dx  (F1F2-2aF1F3+a  F2F3) 


(2.40) 


IL  > 


In  equation  (2.40),  the  integrals 

Fl  -  ft  CU 

0 


F 


2 


OO 

f2  dX 
•*o 


F 


3 


00 

f3  dX 
'o 


and 


Gi  ■ 


f 1  g  dX 


are  independent  of  x  and  can  be  evaluated  numerically,  if 
we  substitute  for  f  and  g  from  equation  (2.33).  Their 
numerical  values  have  been  evaluated  as 


F  =  1.02  ) 

1  ) 

F  =  0.717  ) 

)  (2.41) 

F-.  =  0.570  ) 

3  ) 

G±  =  -0.044  ) 

Substituting  these  values  into  equation  (2.40), 

we  get 

da  =  -0.23a3 (1.422-a) 2 
dx  (1.422-a) 2-0. 23 


or 


dx 

da 


a 


35 

T" 


a3 (1.422-a) 2 


Integrating  the  above  expression,  we  get 


i '  r 


. 


38 


Solving,  we  obtain 


x 


1.83 

2 


a 


0.695 

a 


+  0.61  + 


0.244a 

(1.422-a) 


+  1.68 


i°g  (y 


a 

422-a 


) 


(2.42) 


From  equations  (2.42)  and  (2.37)  a  (  =  y—^)  and 

o 

$  (=  ^ — )  ,  have  been  computed  and  are  presented  in 
'"'Do 

Table  II-l. 


Table  II-l 

Variation  of  Wake-Parameters 
for  Zero  Pressure  Gradient  Flows 


lm 

c-  b 

T-  X 

a  y 

o 

^  h  C 
n,LDo 

*  h'CDo 

1.0 

1.65 

2.96 

0.9 

1.48 

2.92 

0.8 

1.40 

3.10 

0.7 

1.38 

3.57 

0.6 

1.42 

4.48 

0.5 

1.51 

6.23 

0.4 

1.70 

9.73 

0.3 

2.07 

17.70 

0.2 

2.85 

41.57 

0.1 

5.27 

174.80 

0.05 

10.15 

716.30 

The  wake  parameters  a  and  B  computed  from  equations 
(2.42)  and  (2.37)  are  plotted  in  Figure  (2.2).  It  can  be 
seen  that  for  x  >  40  the  variation  of  a  and  3  can  be  rep¬ 
resented  by  the  relationships  of  the  form: 


a 


1.35  (x/h  C  )~1/2 
Do 


(2.43) 


and  3  =  t— £ —  =  0.44  (x/h  C_  ) 1/2  (2.44) 

n  do 

Equations  (2.43)  and  (2.44)  indicate  that  in  the  far- 

wake  region  (x/h  CDq  >  40) ,  the  velocity  and  the  length 

scales  for  the  outer  region  of  the  wall-wake  follow  the 

one-half  power  law  variation  in  the  longitudinal  direction. 

It  is  to  be  noted  that  equations  (2.43)  and  (2.44) 

were  obtained  without  assuming  any  power-law  variation  for 

un  and  b.  The  variation  of  u,  and  b  in  the  near-wake 
lm  lm 

region  can  be  expressed  by  its  more  general  form,  equations 
(2.42)  and  (2.37)  (or  Figure  2.2). 

The  coefficients  1.35  and  0.44  in  equations  (2.43) 
and  (2.44)  are  different  than  those  obtained  experimentally 


, 


fc! 


O 

o 


FIGURE  2.2  LONGITUDINAL  VARIATION  OF  WAKE -PARAMETERS  FOR 
ZERO  PRESSURE  GRADIENT  FLOWS 


by  Schlichting  (1930)  (viz.,  1.00  and  0.25  in  equation 
2.33),  for  the  plane-wake.  The  higher  values  of  these 
coefficients  compared  to  those  obtained  by  Schlichting 
indicate  that  the  wake  width  and  the  centre-line  maximum 
velocity  defect  for  wall-wakes  are  higher  than  that  for 
plane-wakes.  However,  the  nature  of  the  variation  of  b 
and  u^^  in  the  longitudinal  direction  remains  essentially 
the  same  as  that  for  a  plane-wake. 

The  experimental  verification  of  equations  (2.43) 
and  (2.44)  with  the  present  work  is  discussed  in  Chapter 
IV. 


2.9  INNER  REGION  OR  WALL-REGION 

The  flow  structure  in  the  inner-region  of  a  wall- 
wake  is  different  than  that  in  the  outer  region.  The  wall 
characteristics  play  the  predominant  role  in  influencing 
the  flow  structure  near  the  wall.  It  can  be  suggested 
that  the  flow  in  the  inner-region  of  a  wall-wake  may 
not  be  much  different  from  that  in  the  inner-region  of 
boundary  layers.  There  is  a  possibility  that  the  "law  of 


. 


V 


the  wall"  for  the  turbulent  boundary  layer  may  hold  in 
the  inner-region  of  a  turbulent  wall-wake  as  well. 


2.9.1  LAW  OF  THE  WALL 


The  "law  of  the  wall"  for  the  turbulent  boundary 
layer  over  a  smooth  surface  is  of  the  form 


-  =  f  (XH*) 


u 


v 


(2.45) 


where  u*  =  /  — Q-  is  the  shear  velocity. 


In  the  region  very  close  to  the  wall  (viscous 
sub  layer)  equation  (2.45)  takes  the  linear  form 


u  _  yu, 


u 


*  v 

Equation  (2.46)  has  been  found  to  be  valid  for 


(2.46) 


XH*  <  5.  For  XHjl 


v 


V 


>  30  the  "law  of  the  wall"  takes  the  form 


-  =slogEi+B 


u 


V 


(2.47) 


For  turbulent  boundary  layers  over  a  smooth  wall 
with  zero  pressure  gradient,  A  and  B  have  been  found  to 
be  universal  constants  and  their  values  are  (Clauser, 
1956) 

A  =  5.6 
B  =  4.9 

A  comprehensive  bibliography  on  this  subject  can  be  found 
in  the  work  of  Runstandler,  Kline  and  Reynolds  (1963) . 


Y 


2.9.2  EFFECT  OF  ROUGHNESS  ON 

THE  "LAW  OF  THE  WALL" 

It  has  been  observed  that  the  flow  structure  in 
the  outer  region  shows  the  same  qualitative  features  for 
rough  walls  as  for  smooth  walls,  for  turbulent  shear 
flows.  It  is  now  well  known  that  the  outer  flow  structure 
is  independent  of  the  surface  irregularities.  Thus,  in 
the  analysis  of  the  wall-wake,  the  surface  roughness  can 
be  considered  to  modify,  or  change,  only  the  "law  of  the 
wall" ,  and  not  the  wake  characteristics  in  the  outer- 
region. 

The  first  extensive  study  of  boundary  layer  over 
a  rough  plate  with  zero  pressure  gradient  was  done  by 
Moore  (1951).  Hama  (1954)  developed  a  relationship 
between  the  logrithmic  portion  of  the  mean  velocity  pro¬ 
file  and  the  resistance  coefficient,  for  both  smooth  and 
rough  surfaces,  in  the  fully  developed  flow.  He  proposed 
that  the  roughness  effect  is  independent  of  external  flow 
conditions,  and  hence  is  applicable,  for  a  given  rough¬ 
ness,  to  pipe  flows,  to  open  channel  flows,  or  to  flows 
over  a  flat  plate.  Comprehensive  literature  on  this  topic 
is  available  in  the  Stanford  report  by  Liu,  Kline  and 
Johnston  (1966) . 

Clauser  (1956)  and  Hama  (1954)  have  also  demon¬ 
strated  than  an  equation  of  the  following  form  may  be  used 
to  describe  the  mean  velocity  distribution  in  the  inner 
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region  of  rough  turbulent  flow,  in  a  constant  pressure 
field. 


A  log  +  B 

v 


(2.48) 


where  Au  is  a  function  of  the  roughness  Reynolds  number, 

u* 

ku 

=  ~v*  •/  and  this  term  shifts  the  plot  vertically  but 
does  not  change  the  slopes  (Figure  2.3). 


u 

u 


* 


log (yu*/v) 


Figure  2.3  Vertical  Shift  of  Logrithmic  Profile 
for  Rough  Wall 


For  the  smooth  wall  Au/u*  =  0-  For  roughness 
ku 

Reynolds  numbers,  — >  70,  k  being  the  height  of  the 
roughness  elements,  an  equation  of  the  type 


9-IY-  io  noi^saps  e.'xrw  t 
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(2.49) 


has  been  found  to  be  valid,  where  D  is  a  constant  which 
is  dependent  upon  the  shape  and  distribution  of  the  rough¬ 
ness  elements.  For  rough  turbulent  flow,  the  value  of 
D  =  -3.3  for  sand  roughness  (Hama,  1954).  The  equation 
of  velocity  distribution  in  the  inner  region  of  rough 
turbulent  flow  then  becomes 


u 


5 . 6  log  ^  +  8.2 

.K 


(2.50) 


The  presentation  of  rough  wall  data  is  seriously 
complicated  by  the  fact  that  the  origin  y  =  o  is  undefined, 
because  of  the  presence  of  the  roughness  elements.  The 
criteria  and  method  for  the  determination  of  "effective" 
origin  are  discussed  in  Chapter  III. 

2.10  WALL-WAKES  WITH  LONGITUDINAL  PRESSURE  GRADIENTS 

2.10.1  INTRODUCTION 

The  two-layer  hypothesis  for  the  wall-wake  with 
zero  pressure  gradient,  proposed  in  section  2.5,  can  be 
extended  to  the  analysis  of  wall-wakes  with  pressure 
gradients.  We  assume  that  the  outer  region  of  the  wall- 
wake  will  behave  in  a  manner  similar  to  that  of  a  two- 
dimensional  plane  wake  with  pressure  gradients,  and  the 
inner  region  will  behave  like  a  two-dimensional  turbulent 


; 
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boundary  layer  with  pressure  gradients.  We  also  assume 
that  the  law  of  similarity  for  the  flow  field  holds  true 
in  the  far-wake  region,  for  moderate  pressure  gradients. 


2.10.2  EQUATIONS  OF  MOTION 


The  equation  of  motion  (if  second  order  terms  are 
omitted)  and  the  equation  of  continuity,  for  two-dimen¬ 
sional  flows  with  pressure  gradient,  are  respectively: 

(2.51) 


—  +  v  —  =z  -  —  jLe  +  —  jLe. 

U  9x  9y  p  9x  p  9y 


,  9u  9v 

and  -r—  +  t—  =  o 

3x  3y 


(2.52) 


1  IP  =  du 
p  9x  dx 


Applying  the  Bernoulli  condition 

(2.53) 

where  U  is  the  local  free  stream  velocity,  we  can  rewrite 

equation  (2.51)  in  the  following  manner: 

9u  9u  TT  dU  1  3t  cm 

u—  +Vt—  =U  —  +  —  (2.54) 

3x  3y  dx  p  9y 


For  self-preserving  (self-similar)  flows,  in  the 
far-wake  region  (section  2.6),  we  can  write 

=  f-.  (y/b)  =  f-,  (X)  (2.55) 

lm 

— 2~  =  g-j^  (y/b)  =  g1  (X)  (2.56) 

Pulm 

Where  u,  and  b  are  defined  in  Figure  (2.1)  and 
lm 

functions  f  and  g^ are  independent  of  x. 


. 


Substituting  equation  (2.55)  into  the  equation  of 
continuity  (2.52),  we  get  the  cross-stream  velocity,  v, 
as 


v 


bu* 

lm 


■A 

f±a\ 

0 


rX 

Af^dX  -  bX 
o 


dU 

dx 


(2.57) 


du 


where 


u 


i  _ 


lm 


lm 


dx 


b' 


db 

dx 


f  =  df1/dA 


Substituting  equations  (2.55),  (2.56)  and  (2.57) 
into  the  equation  of  motion  (2.54)  and  simplifying,  we 
get 


dgx 

ax~ 


u 


lm 


b’  ( 


u 


U 


-Af' 


lm 


F1{A}f^)  + 


bUu ' 
lm 


u 


<fi> 


lm 


dU 

dx 


(Afrfi) 


(2.58) 


where  F^(A) 


•  A 

f1dA 

6 


An  examination  of  the  above  equation  will  reveal 
that  while  the  left  hand  side  is  independent  of  x,  the 


1 


terras  outside  the  brackets  on  the  right  hand  side  are 
functions  of  x.  Therefore,  for  similarity  of  flow,  the 
following  conditions  must  be  satisfied: 

u' 

b  — —  =  constant 
u. 
lm 

U/u,  =  constant 
'  lm 

b'  =  constant 

,  b  dU  , 

and  -  j—  -  constant 

ulm  dx 

The  above  four  conditions  could  easily  be  simpli¬ 
fied  to  give  the  following  expressions: 


db 

dx 


=  constant 


u 


lm 


U 


=  constant 


(2.59) 


and 


,  dun 
b  lm 


u.  dx 
lm 


) 

=  constant  ) 


Thus  we  find  that  the  half  wake-width  varies 


linearly  with  x. 


or 


ba (x+xq) 


> 

where  xq  is  a  constant  which  (when  the  origin  of  co¬ 
ordinates  for  x  has  been  chosen)  identifies  the  position 
of  the  hypothetical  origin  of  the  flow. 

Substituting  the  expression  for  b,  into  the  third 
expression  of  equations  (2.59),  we  get 


du 


lm 


u 


lm 


a 


dx 

(x+xo) 


Integrating  both  sides  of  the  above  expression  and 
simplifying,  we  obtain 


u  a  (x+x  ) 
lm  o 


m 


and  hence,  U  a  (x+x  ) 

o 


m 


It  is  to  be  noted  here  that  the  above  relationship 

is  true  for  any  pressure  gradient.  However,  the  exponent 

m  is  not  arbitrary,  it  depends  on  the  pressure  gradient. 

It  is  shown  elsewhere  that  m  depends  on  the  factor  u^  /U. 

The  exponent  m  will  be  negative  for  adverse  pressure 

gradients  and  positive  for  favourable  pressure  gradients. 

A  second  solution  is  b  =  constant  with  u,  and  U 

lm 

,  .  ,  .  ,  .  constant  (x+x  ) 

both  being  proportional  to  e  o  . 

These  results  were  first  derived  by  Rotta  (1953)  , 


and  later  discussed  by  Townsend  (1956-b)  for  flows  with 
small  velocity  defects. 


i 


•  1  .1  ,  '  , 
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2.10.3  MOMENTUM  INTEGRAL  EQUATION 

The  momentum  integral  equation  can  be  obtained  by 
integrating  equation  (2.54)  between  the  limits  y  =  0 
and  y  =  oo  thus 


-°o 

u 

Jo 


+ 


.oo 


dy 


+  ± 

P 


r> 


8  x 

9y 


dy 


(2.60) 


Applying  the  boundary  conditions 

at  y  =  0;  t=t;  u=0 
J  o 

and  at  y  =  °°;  x  =  0,  u  =  U 

and  simplifying  and  rearranging  the  terms,  we  obtain  the 
momentum  integral  equation  as: 


d_ 

dx 


pu(U-u)  dy  +  p 


*  o 


dU 

dx 


(U-u)  dy  =  t 


(2.61) 


For  a  plane-wake  tq  =  0  and  u  =  and  equation 

(2.61)  reduces  to: 


(u.  UbF  )  (u?  bF_ )  +  ^  u..bF1  =  0 

dx  lm  1'  dx  lm  2  dx  lm  1 


(2.62) 


where 


and 


Fi  - 


F2  “ 


oo 

f  dA 
o 

'°°2 

f^dA 
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Available  data  on  plane-wakes  with  pressure  gra¬ 
dients  (Hill  et.  al,  1963;  Gartshore,  1965;  Newman,  1967) 
indicate  that  has  the  same  functional  form  as  for 

plane-wakes  with  zero  pressure  gradient,  provided  we 
replace  Uq  by  U. 

2 

Thus,  HZH  =  f  (X)  =  (1-0.  293A3/2) 

ulm  1 

with  =  1.02,  =  0.717  (equation  2.41) 


If  we  substitute  for 

b  =  B1  (x  +  x  ) 

1  o 


u 


lm 


=  B. 


(X  +  X  ) 


m 


and  U  =  B^  (x  +  xo)m 

where  B^,  B 2  and  B^  are  dimensional  constants  of 
proportionality  and  will  vary  with  pressure  gradient, 
equation  (2.62)  can  be  written  as: 


d_ 

dx 


„  r  .  1 2m+l . 

(B1B2B3F1{X  +  Xo}  > 


d_ 

dx 


^2^  r  ,  -,2m+l. 

(B1B2F2{x  +  xo}  > 


+ 


mB1B2B3F1 (x  +  xq) 


2m 


0 


F^  and  are  independent  of  x,  we  can 


Since  B^,  B^f 
write 


(2m+l).  B1B2B3F1  (x+xQ)2m  -  (2m+l)  B.^^  (x+xq)  2m  + 

mB.B.B.F.  (x+x  ) 2m  =  0 
1  2  3  1  O 


or ,  B1B2B3(3m+l)  F±  =  B1B2F2(2m+l) 

B2  _  Ulm  _  F1  (3m+l) 

'  B3  U  F2  (2m+l) 


(2.63) 


If  we  substitute  for  F^  (=1.02)  and  F2  (=0.717),  we  obtain 
the  expression  for  u^  /U  as 


1.42  ( 


3m+l 

2m+l 


(2.64) 


The  above  expression  shows  the  dependence  of  the 
ratio  of  velocities  u^/U  on  the  exponent  m,  and  hence 
on  the  pressure  gradient.  To  enable  a  more  clear  under¬ 
standing,  equation  (2.64)  is  plotted  in  Figure  (2.4). 

The  following  characteristic  features  of  equation 
(2.64)  can  be  observed  from  Figure  (2.4). 


' 


] 
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FIGURE  2.4  VARIATION  OF  (ulm/U)  WITH  EXPONENT  m 
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(i)  m  -►  ±  00  ;  (u  /U)  ->2.13 

(ii)  ra  =0;  (u.  /U)  =  1.42 

lm 

(iii)  m  =  -0.185;  (i^  /U)  =  1 

(iv)  m  =  -1/3;  (ulm/U)  =  0 

(v)  m  =  -1/2;  (u^m/U)  ->  ±  00 

If  1  >(u^/U)  >  0/  the  solution  represents  a  self¬ 
preserving  wake  in  an  adverse  pressure  gradient  with  m 
between  -1/3  and  -0.185.  For  large  values  of  m,  back 
flow  occurs. 

Patel  and  Newman  (1961)  obtained  the  same  expres¬ 
sion  for  jets  and  wall  jets  in  a  moving  stream  and  classi¬ 
fied  them  as  follows: 

(i)  m  between  -1/3  and  -1/2:  jet  flow 

(ii)  m  between  -1/3  and  -0.185:  wake  flow 

(iii)  -i  >m>  -  0.185:  back  flow 

Equation  (2.64)  helps  in  determining  only  one  of 

the  unknowns  (u.  ) .  To  determine  the  other  unknown. 

lm 

b  (or  B^) ,  we  require  one  more  equation.  Various  methods 
which  are  available  differ  in  terms  of  the  choice  of  the 
second  equation.  However,  they  all  have  important  short¬ 
comings  with  the  possible  exception  of  Gartshore's  (1965) 
method.  A  brief  discussion  of  Abramovich's  (1963)  and 
Gartshore's  methods  follows. 


' 


l£ 


'  .  • 


2.10.4  ABRAMOVICH'S  (1963)  METHOD 


Abramovich's  equation  is  derived  from  the  considera¬ 
tion  of  a  mixing  layer  in  constant  pressure.  It  is 
reasonable  to  assume  that  the  spatial  rate  of  growth  of 
the  mixing  layer  will  depend  on  the  level  of  turbulence 
in  this  layer,  which  in  turn  depends  on  u^. 


Thus 


db 

dx 


(u 


For  a  wake  or  jet  type  flow  in  constant  pressure, 
it  can  be  shown  that 


u 


F  (Ulm/U)  =  F  ( 


lm 

u-ulm/2 


) 


Expanding  as  a  polynomial,  this  may  be  written  as 


db 

dx 


A  +A 
o 


u. 


(  lm  \ 


u 


+  A 


lm 


2  <U-uln/2>2 


If  u^m  =  0,  no  mixing  occurs,  db/dx  =  0  and  thus  Aq  - 


0. 


. 


Abramovich,  following  Prandtl,  chooses  only  the 
first  term  in  the  above  expansion,  on  the  ground  that 
the  rate  of  spread  is  proportional  to  cross-stream  tur¬ 
bulence  v' ,  which  in  turn  depends  on  u^m« 

For  jet  flows  in  zero  pressure  gradient,  the  co¬ 
efficient  A^  was  found  to  be  0.052. 

For  small  deficit  wakes  (u^m<<U)  i-n  zero  pressure 
gradient,  the  coefficient  A^  can  be  obtained  with  the  help 
of  equations  (2.43)  and  (2.44)  which  gives  A^  =  0.163. 

In  pressure  gradients  we  continue  to  assume 


db 

dx 


0.163 


u 


lm 


U-Uln/2 


(2.65) 


we  can  rewrite  equation  (2.65)  as 


db 

dx 


0.163 


(ulm/U) 

1-J<uln/U> 


If  we  substitute  for  (ulm/U)  from  Equation  (2.64),  we  get 


db 

dx 


1.78 


.  3m+l  . 


(2.66) 


■ 
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Both  these  equations  (2.65  and  2.66)  have  been 
found  to  predict  higher  values  and  their  limitations 
are  discussed  in  Chapter  IV. 

2.10.5  GARTSHORE' S  (1965)  METHOD 

The  most  sophisticated  method  currently  available 
for  shear  flows  with  pressure  gradients  is  that  of 
Gartshore.  It  permits  the  eddy  viscosity  Reynolds 
number 


R 

e 


u,  b 
lm 


r 


(where  e  is  eddy  viscosity) ,  to  vary  both  in  the  down¬ 
stream  direction  of  a  particular  flow  and  from  one  flow 
to  another.  This  variation  is  related  to  ( 9u/9x) / ( 9u/3y ) 
at  y  =  b.  This  theory  is  therefore  not  subject  to  the 
limitations  of  other  theories,  which  have  assumed  that 
R£  is  constant  (Hill  et.  al,  1963) ,  or  that  the  mixing 
length  is  proportional  to  the  width  of  the  flow.  An 
approach  similar  to  Gartshore1 s  was  suggested  indepen¬ 
dently  by  Bradbury  (1963).  Both  are  based  on  Townsend's 
(1956-a)  large  eddy  equilibrium  hypothesis. 

An  expression  for  R^  can  be  obtained  by  applying 
the  equation  of  vorticity  to  two  similar  fields  of 


'  - 


. 

■ 
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turbulence,  which  are  characterized  by  a  length  scale 
Lr,  and  a  vorticity  scale  w  ,  both  of  which  are  positive 
quantities . 

On  the  basis  of  Townsend's  assumption  that  the 
typical  lifetime  of  a  large  eddy  is  proportional  to 
l/|3u/3y|,  Gartshore  derived  (for  small  3u/3x) ; 

Lg  a(l  +  constant  |-|^|^|)  (2.67) 

The  above  equation  was  derived  from  the  assumption 

of  the  initial  existence  of  identical  large  eddies,  in 

fields  which  are  themselves  not  identical,  but  merely 

similar.  The  theory  is  again  restricted  to  small 

. 3u/3x. 

3u/3y  * 

On  the  basis  of  the  energy  equation  for  large 

eddies,  which  are  superimposed  on  a  mean  flow  with 

scales  u,  and  b,  one  is  able  to  deduce  that 
lm 


Combining  the  above  expression  with  equation  (2.67) 


we  obtain 


1_ 

R 

e 


(1  +  constant 


l 3u/9x| x 


where  R  is  the  value  of  R  at  8u/3x  =  0. 

eo  e 

For  small  perturbation  wakes  the  above  expression 
reduces  to 


1 


R 

e 


0.077 


(1-9.1 


I 9u/3xi . 
1 3u/3y ' 1 


(2.68) 


Gartshore  applies  the  above  theory  specifically 
for  the  purpose  of  obtaining  the  shearing  stress  at 
y  =  b,  and  then  states  the  half  momentum  integral  equation 
between  the  limits  y  =  0  and  y  =  b,  to  obtain  the  solution 
for  shear  flows  with  pressure  gradients.  He  uses  the 
Runge-Kutta  technique  to  obtain  the  solution  for  equa¬ 
tions  (2.67)  and  (2.68). 

In  the  following  pages,  equation  (2.68)  has  been 
used  to  obtain  a  second  equation  to  solve  for  the  other 
unknown  B^.  If  we  substitute  the  expression  for  shear 


' 

. 


stress,  t 


,  in  equation  (2.68)  and  then  evaluate  the 


equation  at  A  =  1  (y  =  b) ,  we  have 


T_ 

P 


3u  _  Ulm^  3u  _  _  Ulm  f » 
e3y  Ty  R£  ri 


or. 


(2.69 


We  can  rewrite  equation  (2.58)  as: 


dl  (f{/V  -  mB: 


{fi 


(X)  - 


+  mB 


U 


lu 


lm 


(2f1-AfJ_) 


B1F1(A) 


fi 


-  B 


U 


1  u 


lm 


fi 


(2.70 


F 


1 


(A) 


rX 

f1  dX 


where 


o 
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We  can  obtain  an  expression  for  from  equation 
(2.68)  by  substituting  for  3u/3x  and  3u/3y.  It  then  takes 
the  following  form: 


1  im^l  U  1  i 

=  0.077  (1-9.1  B-,  —=■  “X-  m.— — .  ^  )  (2.71) 

K  -L  X ,  U,  It 

g  1  lm  1 


The  left  hand  side  of  equation  (2.70)  is,  therefore, 


ax  (fi/Re>  " 


0.077  (fj  -  9.  IB,  |mf,  -  Af,'  -m.^-  |) 


dA  '  1 


1  1  1  1  u 


lm 


=  0.077  (f  -  9.1BX  [ mf ^  -  {Af^  +  f | ) 


This  expression  can  be  evaluated  for  A  =  1,  noting  that 

f  (1)  =  1/2;  f^  (1)  =  -0.622;  f£  (1)  =  0.076;  and 
F  (1)  =  0.787 

we  thus  obtain 

g^  (1)  =-0.077  (0.076  -  5.65  B_L  {0.88  -  m}  )  (2.72) 


- 


Similarly  we  can 
equation  (2.70)  for  X 


evaluate  the  right  hand  side  of 
=  1,  and  we  get 


R.H.S.  =  1.622  B  ({m  +  0.383}  — -  0.455  {m  +  0.622}) 

ulm 


If  we  substitute  for  — ^  =  1.42  (~-|~-)  (equation 

U  2m+l  ^ 


2.64)  and  simplify,  we  get 


^®1  2 

R.H.S.  =  (3^Y)  (0 . 02in  -  0.04m  -  0.008) 


_  n  nr-n  ,{m-2.185}  {m+0.185}x 
-  °-06Bl  (  - 3i+I -  1 


Equating  the  left  and  right  hand  sides  of  equation  (2.70) 
we  obtain 


0.077  (0.076  -  5.65  B1  {0.88-m})  = 


0.06  B1 


.  {m-2 .18  5}  {m+0.185h 
1  3m+l  ] 


solving  we  get 

0.0047 (3m+l) 

1  (0 . 2  8+0 . 4  8m-m^ ) 


(2.73) 
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This  equation  can  be  approximated  to: 


r>  _  ,0.013  , 
B1  -  (0781-m) 


(2.74) 


Thus  the  flow  characteristics  for  self-preserving 
wakes  in  pressure  gradients  are  defined  by  the  following 
set  of  equations: 


b  =  B,  (x  +  x  ) 
1  o 


) 


u.  and  U  a  (x  +  x  ) 
lm  o 


m 


-0.185  >  m  >  -1/3 


u 


lm 


U 


B.  = 


42 

Lm  2m+l 


,0.013  x 
^0 .81 -m 


) 


2.75) 


) 


T_  =  (K88  xl/2  (1_0.293X3/2) 

Z  R 

pulm 


mf . 


and  4“  =  0.077  (1-9.1  Bn  1^  -X-m.-^-.  ^r|  ) 

K  -LX.  u.  x. 


lm  1 
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The  foregoing  analysis  is  for  two-dimensional 
plane  wakes  with  pressure  gradients.  It  is  assumed  that 
the  outer  layer  of  the  wall-wake  behaves  in  a  manner 
similar  to  that  of  a  plane-wake.  Verification  and  dis¬ 
cussion  of  equations  (2.75),  with  reference  to  the  ex¬ 
perimental  results,  are  presented  in  Chapter  IV. 

We  continue  to  assume  that  the  law  of  the  wall 
holds  true  in  the  inner  region  of  the  wall-wake,  with 
pressure  gradients.  This  assumption  is  valid  only  for 
moderate  adverse  pressure  gradients.  Its  validity  for 
the  adverse  pressure  gradient  tested  is  discussed  in 
Chapter  IV. 
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CHAPTER 


III 


EXPERIMENTAL  ARRANGEMENTS  AND 
MEASUREMENT  TECHNIQUES 

3.1  INTRODUCTION 

This  chapter  describes  the  experimental  arrangements 
and  the  measurement  techniques  adopted  in  the  present 
study.  In  order  to  obtain  a  satisfactory  analysis  of  the 
present  study,  measurements  of  the  following  flow  para¬ 
meters  were  made:  mean  velocity  in  the  longitudinal  di¬ 
rection  of  the  flow,  wall  shear  stress,  components  of 
turbulence  fluctuations  in  longitudinal  and  lateral  di¬ 
rections,  and  turbulent  shear  stress  across  the  flow. 

The  choice  between  an  open-channel  and  a  wind-tunnel,  to 
carry  out  the  experimental  program,  was  based  upon  which 
arrangement  would  serve  as  the  easiest  and  most  economical 
to  work  with. 

After  some  preliminary  measurements  in  an  open  chan¬ 
nel,  it  was  found  that  the  water  in  the  Hydraulics  Labora¬ 
tory  was  not  clean  enough  to  carry  out  turbulence  mea¬ 
surements  with  a  hot-film  probe,  and  a  few  hot-film  probes 
were  destroyed  in  the  process.  It  was  therefore  decided 
to  construct  an  open  circuit  wind-tunnel  to  carry  out 
this  experimental  program. 

Mean  velocity  and  turbulence  were  measured  with  a 
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hot-wire  and  a  DISA  55D01  constant- temperature  anemo¬ 
meter  unit.  Mean  velocities  were  further  checked  by  a 
Pitot  static  tube.  In  the  following  sections,  details  of 
the  wind-tunnel  and  the  measurement  techniques  used  are 
described. 

3.2  DESIGN  REQUIREMENTS  FOR  WIND  TUNNEL 

The  main  requirement  of  a  wind  tunnel  is  that  it  must 
provide  a  translational  uniform  rectilinear  air  flow.  The 
fulfillment  of  this  requirement  is  very  difficult.  To  a 
first  approximation  linearity  and  flow  uniformity  are 
provided  by  the  geometry  of  the  tunnel  walls  and  by  its 
internal  constructional  elements. 

The  velocity  distribution  should  vary  as  little  as 
possible  over  the  length  of  the  test  section  and  the 
static  pressure  should  be  constant.  The  deviation  of  flow 
velocity  from  the  mean  value  should  be  within  ±  0.75%, 
while  flow  direction  in  the  horizontal  or  vertical  plane 
should  not  deviate  from  the  axial  direction  by  more  than 
±  0.25°,  Garlin  and  Slezinger  (1966).  Usually  in  low 
speed  tunnels,  the  static  pressure  varies  linearly  along 
the  test  section. 

An  even  more  difficult  problem  involved  in  the  use  of 
wind  tunnels  is  the  maintenance  of  low  initial  turbulence 
in  the  test  section  of  the  tunnel.  A  high  level  of  tur¬ 
bulence  or  vorticity  affects  test  results  in  that  it 
changes  the  flow  pattern  by  causing  premature  transition 


from  laminar  to  turbulent  flow  in  the  boundary  layer. 

Strong  turbulence  also  presents  other  problems  such  as 
causing  the  transition  layer  to  be  displaced  forwardly 
along  the  body  which  causes  changes  in  the  frictional 
resistance,  etc.  Thus,  an  increase  in  turbulence  is,  to 
a  certain  degree,  analogous  to  an  increase  in  the  Rey¬ 
nolds  number. 

Turbulence  in  the  wind  tunnel  can  be  reduced  by  pro¬ 
viding  a  high  contraction  ratio  at  the  entrance  and  by 
using  a  number  of  fine  mesh  turbulence-reducing  screens 
in  the  settling  chamber.  For  an  extremely  low  turbulence 
tunnel,  a  contraction  ratio  as  high  as  25:1  has  been  used. 

A  moderately  low  turbulence  wind  tunnel  usually  has  a  tur¬ 
bulence  intensity  in  the  range  of  0.5%  to  1.0%. 

The  wind  tunnel  used  for  this  investigation  was  de¬ 
signed  with  two  objectives  in  mind:  (1)  The  test-section 
had  to  be  long  enough  to  allow  measurements  to  be  taken  at 
distances  far  downstream  from  the  position  of  the  ob¬ 
stacle,  i.e. ,  sufficiently  downstream  that  the  structure 
of  the  flow  in  the  far-wake  region  could  be  fully  estab¬ 
lished,  and  (2)  the  turbulence  level  in  the  free  stream  had 
to  be  moderately  low  without  providing  a  high  contraction 
ratio.  A  schematic  representation  of  the  wind  tunnel  is 
shown  in  Figure  3.1. 
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FIGURE  3.1  SCHEMATIC  REPRESENTATION  OF  WIND-TUNNEL 
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3.2.1  INTAKE  CHAMBER 

An  intake  chamber  was  attached  to  the  entrance  sec¬ 
tion  of  the  wind  tunnel  in  order  to  cut  down  the  tur¬ 
bulence  of  the  entering  air  stream  and  to  make  it  as  dust- 
free  as  possible.  The  sides  of  the  intake  chamber  were 
made  of  1/8  inch  x  1/8  inch  mesh  screen,  27  inches  long, 
thus  giving  it  the  shape  of  a  cubical  box.  To  cut  down 
the  entrance  of  dust  particles,  the  box  was  wrapped  with 
an  oil-impregnated  fibreglass  first  and  then  with  medical 
gauze.  This  arrangement  caused  a  5%  reduction  in  the 
static  pressure. 

3.2.2  CONTRACTION 

The  wind  tunnel  contraction  was  made  of  #22  gauge 
galvanized  sheet  metal.  The  top  and  the  bottom  each  had 
a  radius  of  6  inches  and  the  sides  had  a  radius  of  9 
inches.  To  obtain  a  uniform  velocity  in  the  test  sec¬ 
tion,  the  contraction  was  followed  by  one  foot  of  uniform 
cross-section,  15  inches  x  19  inches.  The  overall  con¬ 
traction  in  the  cross-section  was  5.4:1. 

3.2.3  TEST  SECTION 

The  test  section  was  made  of  3/4  inch  plywood  with 
the  front  wall  being  made  of  a  1/2  inch  transparent  p.v.c. 
sheet.  This  transparent  front  wall  was  divided  into  three 
4-foot  long  removable  doors,  which  allowed  access  to  the 
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interior  of  the  test  section. 

For  smooth  wall  studies,  an  1/8  inch  p.v.c.  sheet  was 
attached  to  the  floor  of  the  wind  tunnel  and  all  cylin¬ 
drical  bodies  studied  were  placed  at  the  leading  edge  of 
this  p.v.c.  sheet,  in  a  vertical  plane,  normal  to  the  flow 
direction.  Since  all  the  measurements  were  to  be  made  in 
a  vertical  plane,  in  the  central  region  of  the  test  sec¬ 
tion,  a  rectangular,  rather  than  a  square,  cross-section 
was  decided  upon.  The  entrance  of  the  12  feet  long  test 
section  was  15  inches  high,  9  inches  wide. 

It  seemed  desirable  that  the  test  section  should  have 
a  longitudinal  expansion  to  allow  for  development  of  the 
boundary  layer  thickness  on  its  wall.  With  boundary  layer 
measurements,  it  is  customary  to  give  longitudinal  expan¬ 
sion  in  accordance  with  the  growth  of  the  displacement 
thickness  on  the  wall.  In  this  case,  however,  because  of 
the  presence  of  the  obstacle  at  the  leading  edge,  the  flow 
region  underwent  a  further  constriction.  The  longitudinal 
expansion  required,  therefore,  was  more  than  the  one  that 
accorded  with  the  displacement  thickness.  Further,  the 
shape  and  size  of  the  obstacles  were  factors  to  be  taken 
into  consideration  in  providing  the  longitudinal  expan¬ 
sion.  To  account  for  all  these  factors,  an  adjustable 
wall  or  vents  in  various  sections  of  the  wall  would  have 
been  necessary.  However,  it  was  not  the  aim  of  this  study 
to  provide  an  exact  longitudinal  expansion  for  each  and 
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every  case.  Rather,  a  constant  longitudinal  expansion  of 
1.1%  was  provided  on  the  upper  wall,  and  it  was  found  that 
the  free  stream  velocity  in  the  central  region  was  within 
2%  of  its  average  value  for  all  obstacles  tested. 

Railings  were  placed  on  top  of  the  test  section  for  a 
probe  traverse,  and  an  one- inch  wide  slot,  through  which 
probes  and  probe  support  were  introduced,  was  cut  along 
the  middle  of  the  top  wall  of  the  test  section.  This  slot 
was  sealed  by  means  of  adhesive  tape  once  the  probe  was 
introduced. 

3.2.4  DIFFUSER 

The  diffuser  was  7  feet  long  and  made  of  a  3/4-inch 
plywood  sheet.  It  was  transitioned  from  a  rectangular 
cross-section  of  16  1/2  inch  x  9  inch  to  a  circular  cross- 
section  of  22  inches  in  diameter. 

3.2.5  FAN 

A  21-inch  direct-drive,  duct-mounted  fan,  with  a 
1  1/2  H.P.  electric  motor,  was  used.  It  produced  an 
average  velocity  of  96.0  feet  per  second  in  the  test  sec¬ 
tion. 

3 . 3  ROUGHNESS  TYPE 

A  continuous  strip  of  #36  aluminum  oxide  wet-or-dry 
cloth,  manufactured  by  3M  Company,  was  glued  to  the  floor 
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of  the  wind  tunnel  to  study  the  effect  of  roughness  on  the 
wall-wake.  The  grains  of  this  cloth  were  very  angular 
and  are  shown  in  Figure  3.2.  The  grain  size  ranged  from 
0.38  mm.  to  0.70  mm.,  with  a  median  size  of  0.56  mm. 
(0.00183  feet).  This  was  taken  as  the  nominal  roughness 
height,  k. 

While  measuring  bed  shear  on  rough  boundaries,  Hol- 
lingshead  (1972)  found  that  the  equivalent  sand  grain 
roughness  for  this  particular  cloth  is  3.3  times  the  nomi¬ 
nal  height,  (i.e.,  k  =  0.0061  feet).  The  high  k  /k  ratio 

s  s 

resulted  because  the  grains  were  very  angular,  and  many 
had  their  long  axis,  which  was  about  twice  the  sieve  size, 
oriented  normal  to  the  boundary. 

3. 4  APPLICATION  OF  ADVERSE  PRESSURE  GRADIENT 

A  false  top,  which  could  be  adjusted  to  any  desired 
height  at  the  entrance  end  of  the  test  section,  to  apply 
an  arbitrary  adverse  pressure  gradient,  was  fixed  to  the 
test  section.  The  contraction  at  the  entrance  of  the  wind 
tunnel  was  suitably  transitioned  so  as  to  join  the  adjus¬ 
table  end  of  this  wall.  The  details  of  the  three  adverse 
pressure  gradient  cases  studied  are  shown  in  Figure  3.3. 


3.5  MEAN  VELOCITY  AND  THE  FREE  STREAM 
TURBULENCE  IN  THE  WIND  TUNNEL 


The  free  stream  velocity,  U,  and  the  turbulence 
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PLAN  VIEW  SCALE  IN  MILLIMETERS 


SECTION  SCALE  IN  MILLIMETERS 


FIGURE  3.2  SAND  GRAIN  ROUGHNESS 
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through  the  test  section  of  the  wind  tunnel,  are  plotted 
in  Figure  3.4.  The  average  free  stream  velocity  was  taken 
as  96.0  ft. /sec.  There  was  only  a  slight  variation  in 
this  velocity  in  the  major  portion  of  the  test  section. 

The  turbulence  intensity  in  the  test  section  was  a  little 
high,  0.72%,  but  no  further  means  of  reducing  the  tur¬ 
bulence  was  applied. 


3.6  MEASUREMENT  OF  MEAN  VELOCITY 

The  mean  velocity  in  the  flow  field  was  measured  with 
a  flattened  total  head  tube,  with  an  external  thickness 
of  0.024  inch  (0.002  ft.)  and  width  of  1/8  inch  in  conjunc¬ 
tion  with  a  static  tube  of  0.1  inch  diameter.  The  static 
tube  had  four  holes,  with  diameters  of  0.016  inch,  spaced 
at  90  degree  intervals  around  the  tube,  at  approximately 
8  diameters  from  the  leading  edge.  The  space  between  the 
total  head  and  static  tubes  was  1/2  inch.  Careful  cali¬ 
bration  of  the  total  head  tube,  under  low  turbulence  con¬ 
ditions  in  the  free  stream,  showed  no  appreciable  error 
when  compared  with  large  diameter  tube  measurements.  The 
total  head  and  static  tubes  were  connected  to  a  very  sen¬ 
sitive  inclined  manometer  on  which  mean  velocities  as  low 
as  3  ft. /sec.  could  be  measured  with  suitable  accuracy. 
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FIGURE  3.4  FREE  STREAM  VELOCITY  AND  FREE  STREAM  TURBU¬ 
LENCE  INTENSITY  IN  THE  TEST-SECTION  OF  THE  WIND-TUNNEL 


In  all  cases,  the  probe  was  mounted  on  a  traversing  mecha¬ 
nism  that  could  be  oriented  to  the  nearest  1/1000  of  a  foot 
in  the  vertical  direction. 

Corrections  for  turbulence  fluctuations ,  viscous 
effect,  displacement  of  the  effective  center,  and  angle 
of  attack,  were  thought  to  be  small  enough  to  make  their 
application  to  the  present  measurements  unnecessary. 

3.7  MEASUREMENT  OF  BOUNDARY  SHEAR  STRESS 

Measurements  of  boundary  shear  were  carried  out  with 
a  Preston  tube.  Slope  of  velocity  profiles  near  the  wall 
were  also  used  in  determining  the  boundary  shear.  How¬ 
ever,  this  was  done  only  to  check  the  relative  discrepancy 
between  the  two  methods.  This  discrepancy  was  found  to  be 
10%-15%.  The  value  of  boundary  shear,  t  ,  measured  by  the 
Preston  tube  was  adopted  for  most  of  the  cases,  although 
an  error  of  up  to  10%  in  tq  could  be  expected  in  some 
cases.  Following  is  a  brief  discussion  of  the  Preston 
tube  technique. 

3.7.1  PRESTON  TUBE 

A  Preston  tube  is  a  total  head  tube,  resting  on  a 
surface  facing  the  flow.  This  convenient  method  of  mea¬ 
suring  skin  friction  was  first  introduced  by  J.  H.  Preston 
(1954)  and  is  based  mainly  on  similarity  considerations 
and  the  fact  that  a  law  of  the  wall  is  valid  near  the 
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surface.  This  law  of  the  wall  is  commonly  expressed  as: 


f  ( 


yu*. 

v 


(3,1) 


Instead  of  considering  the  mean  velocity  at  a  point 
close  to  the  wall,  we  may  consider  in  the  dimensional 
analysis  the  difference  between  the  pressure  recorded  by 
a  total  head  tube  resting  on  the  wall  and  the  local  static 
pressure.  If  we  call  this  pressure  difference  Ap,  and 
cail  the  diameter  of  the  total  head  tube  d,  then  the  analy¬ 
sis  shows  that: 


or. 


Ap  ,u*dx 

t  ^  v 
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alternatively , 
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t  d 
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where  p  and  v  are  mass  density  and  kinematic  viscosity 
of  the  fluid  respectively. 

Either  of  these  expressions  gives  us  a  means  of  de¬ 
termining  skin  friction. 

For  a  total  head  tube  of  a  given  geometry,  either  of 
the  functions  (g  or  g^) ,  can  be  simply  and  accurately  de¬ 
termined  by  experiment.  The  total  head  tubes  used  by 
Preston  were  of  circular  section  with  a  ratio  of  internal 
to  external  diameter  of  0.6.  The  calibration  curve 
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representing  the  function  g^,  was  determined  from  measure¬ 


ments  with  four  total  head  tubes  of  different  diameters 
in  a  2-inch  pipe. 

At  the  time  Preston  proposed  his  method,  there  was  a 
considerable  body  of  evidence  to  indicate  that  the  function 
f  (equation  3.1),  defining  the  law  of  the  wall,  was  uni¬ 
versal  for  fully-developed  turbulent  flow  in  pipes  and  in 
channels.  But  only  the  experiments  of  Ludwieg  and  Till¬ 
man  (1950)  show  directly  that  it  applies  also  in  the  wall 
region  of  the  turbulent  boundary  layer. 

The  principle  of  the  method  has  since  been  confirmed 
by  numerous  investigators  for  pipe,  channel,  and  boundary 
layer  flows.  A  comprehensive  bibliography  on  the  subject 
can  be  found  in  the  work  of  Patel  (1965). 

The  most  accurate  and  reliable  calibration  equation 
for  the  Preston  tube  was  experimentally  obtained  by  Patel 
(1965)  in  the  form: 

y*  =  0.8287  -  0.1381  x*  +  0.1437  x*2  -  0.0060  x*3 


for  2.9  <  x*  <  5.6 


(3.2) 


Where  y*  =  log1Q ( 
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The  calibration  equation  for  the  range 
0  <  x*  <  2.9 

was  represented  by  the  straight  line 


y*  =  j  x*  +  0.037 


(3.3) 


and  for  5.6  x*  <  7.6  by  the  expression 


x*  =  y*  +  2  log10(1.95  y*  +  4.10) 


(3.4) 


From  these  calibration  equations,  Patel  determined 
the  constants  A  =  5.5  and  B  =  5.45  for  the  logrithmic  law 
of  the  wall,  for  the  turbulent  boundary  layer,  expressed 
in  the  form 


u 

u1 


=  A  log 


yu1 
10  v 


+  B 


3.7.2  PRESTON  TUBE  IN  PRESSURE  GRADIENTS 

Equations  3.2  to  3.4  were  derived  for  zero  pressure 
gradient  flows.  For  a  very  strong  pressure  gradient,  how¬ 
ever,  it  is  certain  that  the  law  of  the  wall,  in  its 
usual  form,  must  break  down  and  the  Preston  tube  calibra¬ 
tion  would  be  expected  to  change.  The  modified  form  of 
the  law  of  the  wall  for  turbulent  flow  with  pressure 
gradient  can  be  written  as: 


-  =  F  (X**  ,a  ) 

ii*  v  p 


(3.5) 


where  a  =  — is  the  pressure  gradient  parameter, 
P  Pu* 

which  measures  the  severity  of  the  pressure  gradient 


as  it  affects  the  flow  in  the  wall  region. 

It  is  now  an  established  fact  that  with  the  applica¬ 
tion  of  an  adverse  pressure  gradient,  the  region  of  ap¬ 
plication  of  the  law  of  the  wall  is  reduced,  and  at  some 
particular  high  value  of  a^,  there  is  no  region  left  for 
which  the  law  of  the  wall  is  valid.  However,  for  small 

values  of  a  ,  deviation  from  the  law  of  the  wall  is  small. 

P 

The  Preston  tube  would  therefore  only  incur  a  small  error 
which  would  depend  on  its  diameter  and  the  value  of  a^. 

After  examining  the  available  experimental  data, 

Patel  (1965)  suggested  the  following  limitations  for 
Preston  tubes  recording  tq  within  the  prescribed  error 
range.  For  adverse  pressure  gradients: 

u.  d 

maximum  error  6%:  0  <  a  <  0.015,  *  <  250. 

p  v  = 

for  favorable  pressure  gradients: 
maximum  error  6%: 

,  da 

0  >  a  >  -0.007,  <  200  ,  <  0 

p  v  —  dx 

He  emphasized  the  point  that  these  limiting  conditions 
are  purely  empirical  in  nature  and  give  only  a  rough  guide 
to  the  use  of  Preston  tubes.  The  additional  restriction 
of  dap/dx<0,  in  favorable  pressure  gradients,  has  been  im¬ 
posed  to  ensure  that  the  flow  is  sufficiently  far  from  the 
commencement  of  laminar  reversion.  In  severe  pressure 
gradients  the  Preston  tube  was  found  to  over-estimate  the 


skin  friction. 
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3.7.3  PRESTON  TUBE  ON  ROUGH  BOUNDARIES 

If  the  boundary  is  uniformly  rough,  like  a  bed  of 
spherical  marbles,  or  similar  to  Nikuradse's  sand  rough¬ 
ness  with  k  representing  the  roughness  height,  for  a 
Preston  tube  of  external  diameter  d  placed  on  it;  it  can 
be  shown  that: 


APii  »  F 

4pv2  2  4pv2  k 


(3.6) 


for  rough  turbulent  flow,  equation  3.6  becomes: 

=  F3  (d/k)  (3.7) 

L  0 

Equation  3.7  was  suggested  by  Preston  himself.  Hwang 
and  Laursen  (1963)  attempted  to  evaluate  it  both  ana¬ 
lytically  and  experimentally,  and  for  developed  rough  wall 
flow  they  obtained  the  equation: 


AE  =  16 


T 


53 


,  n  30hi  2  30h 

(  (logt — >  -  log p — 


{0.25 


(-) 

V 


+ 


0.0833  (a/h) 4 }  +  { 0 .25  ( £)  2  +  0.1146 


(g)4>) 


(3.8) 


where  h  =  height  of  the  center  of  stagnation  tube  from 
zero  datum 

a  =  inner  radius  of  stagnation  tube 
kg  =  equivalent  sand  roughness 
The  above  equation  is  shown  in  Figure  3.5  in  a  modi¬ 


fied  form. 


- 
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FIGURE  3.5  PRESSURE-SHEAR  RATIO  FOR  ROUGH  BOUNDARIES 
(AFTER  HWANG  AND  LAURSEN ,  1963) 


Hollingshead  (1972)  has  carried  out  an  investigation 
in  this  field  and  an  extensive  discussion  of  this  subject 
can  be  found  in  his  work. 


3.7.4  VELOCITY  PROFILE  METHOD 

For  a  two-dimensional  turbulent  boundary  layer,  the 
shear  stress  near  the  wall  can  be  assumed  to  be  very 
nearly  constant.  Working  from  this  assumption,  the  velo¬ 
city  profile  in  the  vicinity  of  a  rough  wall  is  given  by: 


i  = 5-75  lo^  +  bs 


(3.9) 


where  Bg  is  a  function  of  the  roughness  Reynolds  number 
(u*  kg/v)  . 

The  above  equation  can  be  rewritten  as 


u*  =  (tq/p) 


1/2  _  1 


U2  U1 


5.75  {log(y2/y1) } 


(3.10) 


where  u^  and  are  mean  velocities  at  ordinates  y^  and 
y2  respectively. 

This  is  a  convenient  expression  for  boundary  shear 

computation  since  a  knowledge  of  k  and  B  is  not  neces- 

s  s 

sary.  To  use  this  method,  however,  it  is  necessary  to  know 
the  correct  datum  from  which  y  is  to  be  measured.  This 
datum  selection  is  generally  made  by  trial  and  error,  with 
the  datum  being  changed  until  a  plot  of  u  versus  log  y 
becomes  a  straight  line. 


>  .  - 
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3.7.5  APPLICATION  OF  PRESTON  TUBE  TECHNIQUE 
IN  THE  PRESENT  STUDY 

The  plot  of  velocity  profiles  (Figures  4.4,  4.16; 
Chapter  IV) ,  in  the  inner  region  of  the  wall-wake,  with  and 
without  pressure  gradients,  indicates  the  validity  of  the 
law  of  the  wall  for  wall-wake  flows.  The  Preston  tube 
technique  was  therefore  adopted  to  measure  the  boundary 
shear  stress. 

Two  types  of  stagnation  tubes  were  used  to  measure 
t  .  Tube  one  had  a  flattened  rectangular  cross-section, 
of  external  thickness  0.024  inch  and  width  0 . 10  inch.  The 
second  tube  was  circular  in  cross-section,  having  an  out¬ 
side  diameter  of  0.11  inch  and  an  inside  diameter  of  0.085 
inch.  The  external  thickness  of  the  flattened  tube  was 
used  for  parameter  d,  in  computing  the  value  of  tq,  from 
equation  3.2.  The  discrepancy  between  the  values  of  t  , 
computed  by  the  two  tubes,  was  found  to  be  within  the 
limits  of  experimental  error. 

For  the  rough  boundary,  a  circular  total  head  tube 
was  used  to  determine  boundary  shear  stress.  The  nominal 
roughness,  k,  of  the  rough  boundary,  was  0.00183  feet  and 
the  equivalent  roughness,  k  ,  was  0.0061  feet.  The  zero 
datum  of  the  rough  boundary,  (z  in  Figure  3.5),  was  found 
by  the  graphical  method  described  in  section  3.7.4,  to 
be  approximately  half  the  nominal  roughness,  (0.0009  feet). 
Hwang  and  Laursen's  equation  (Figure  3.5)  was  used  to 
compute  the  value  of  t  ,  with  (h-a) /k  =  0.32,  and  a/k  = 

O  O  b 


' 

. 

* 

" 


0.58.  From  Figure  3.5  we  obtain: 


P-P, 


=  31.0 


(3.11) 


This  expression  was  used  to  determine  the  value  of  tq 
for  the  rough  wall.  Wall  shear  stress  for  the  rough  wall 
was  also  computed  by  the  slope  of  the  velocity  profile 
method.  The  discrepancy  between  the  two  values  of  was 
found  to  be  large  for  reason  explained  in  Section  4.2.4. 

The  values  of  boundary  shear  obtained  from  velocity  profile 
method  was  found  to  give  better  results,  and  were  adopted. 

For  adverse  pressure  gradient  flows,  the  flattened 
tube  with  the  calibration  equation  (3.2)  was  used  to  de¬ 
termine  x  .  In  the  investigation  the  maximum  values  of 
ctp  and  u^d/v  were  found  to  be  within  the  limits  proposed 
by  Patel  and  hence  the  Preston  tube  measurements  were  used 
without  any  correction. 

To  obtain  an  idea  of  the  order  of  magnitude  of  the 
error,  in  the  measured  value  of  tq,  the  boundary  shear 
stress  was  also  computed  by  the  velocity  profile  method. 

The  discrepancy  between  the  values  of  tq  determined  by 
these  two  methods  was  found  to  be  10%-15%  for  adverse 
pressure  gradient  flows  and  3%  to  6%  for  zero  pressure 
gradient  flows.  However,  the  boundary  shear  stress  com¬ 
puted  by  the  slope  of  velocity  profile  methods  was  found 
to  be  inconsistent  for  some  runs.  Hence,  the  Preston  tube 
measurements  for  tq  were  adopted  for  all  the  runs  except 


'  * 

■ 


. 


for  rough  wall  (run  number  6) .  No  correction  for  tur¬ 
bulence  and  flow  displacement,  caused  by  the  probe 
geometry,  was  applied  to  the  measured  value  of  Ap 

(=p-p  ) .  It  was  assumed  that  the  combined  error  in  t  , 
o  o 

thus  determined,  was  not  large  enough  to  cause  any  ap¬ 
preciable  discrepancy  in  the  analysis  of  the  flow. 

Figures  4.4  and  4.16  (Chapter  IV)  indicate  the  justifica¬ 
tion  for  this  assumption. 

3. 8  MEASUREMENT  OF  TURBULENCE  INTENSITIES 

The  hot-wire  anemometer  is  the  instrument  most  widely 
used  for  fluctuation  measurements.  At  the  present  time, 
other  techniques  of  turbulence  measurement  (viz.  optical 
technique,  Doppler  technique,  etc.),  are  still  in  the  de¬ 
veloping  stages.  The  laser  Doppler  technique,  in  which 
instantaneous  velocity  is  deduced  from  the  Doppler  fre¬ 
quency  shift  of  light,  scattered  from  particles  moving 
within  the  fluid,  is  being  investigated  by  many  groups  of 
researchers.  Its  advantage  over  the  hot-wire  method  is 
that  there  is  no  solid  sensing  element  in  the  flow  whereas 
hot-wire  probes  and  their  supports  may  be  large  enough  to 
disturb  the  flow,  while  the  wire  itself  is  small  and  very 
delicate.  A  brief  discussion  of  other  techniques  of  tur¬ 
bulence  measurement  can  be  found  in  Bradshaw  (1971) .  In 
the  present  investigation  the  hot-wire  technique  was  used 
to  measure  turbulence.  A  description  of  the  principle  of 


' 

, 
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of  the  hot-wire  anemometer  is  given  below. 


3.8.1  HOT-WIRE  ANEMOMETRY 

The  principle  of  hot-wire  anemometry  is  based  on  the 
relation  between  the  rate  of  heat  loss  from  a  heated  body, 
and  the  velocity  of  fluid  flow  in  which  it  is  immersed. 

The  first  systematic  work  on  this  relationship  was  done 
by  King  (1914).  He  found  that  the  rate  of  heat  loss,  Q, 
from  a  cylinder  of  diameter  d,  and  length  1,  immersed  in 
a  fluid  of  temperature  T^ ,  could  be  represented  by  the 
equation: 


Q 


=  kf.  1[1  +  (2TrpCpU-d)1/2l  (Tw-Tf) 


(3.12) 


where  =  thermal  conductivity  of  the  fluid 

0^  =  specific  heat  of  fluid  at  constant  pressure 
p  =  fluid  density 

u  =  fluid  velocity 

T^  =  Temperature  of  the  cylinder 

The  fluid  is  assumed  to  be  flowing  in  a  direction  perpen¬ 

dicular  to  the  axis  of  the  cylinder.  In  non-dimensional 
form,  this  expression  can  be  written  as: 


N 

u 


where  N 

u 


A  +  B  /R 

e 

Q/l 

"WV 


Nusselt  number 


(3.13) 


(ud/v)  =  Reynolds  number  and  A  and  B  are 


constants . 


' 
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However,  the  basic  assumptions  of  King's  theory  are  not 
entirely  valid,  and  in  practice  the  heat  transfer  is  of  a 
more  complex  nature.  Experiments  carried  out  by  Collis 
and  Williams  (1959)  show  that  the  equation: 


(~)  17  (0.24+0. 56 R°*45) 

Tf  e 


(3.14) 


where  T  =  (T  +T,-)/2 
m  w  f ' ' 

will  give  the  best  results  for  hot-wires  operated  in  air 
at  Reynolds  number  in  the  range  0.02  <  R^  <  44. 

The  above  expressions  are  for  cylinders  of  large 
aspect  ratio  (1/d) ,  for  which  the  heat  transfer  can  be  con¬ 
sidered  two-dimensional.  For  hot-wires  with  aspect  ratios 
of  the  order  of  200,  which  are  commonly  used,  the  effect 
of  heat  conduction  to  the  support  becomes  significant. 
Direct  calibration  is  therefore  necessary. 


3.8.2  HOT-WIRE  ANEMOMETERS 

A  hot-wire  anemometer  consists  of  a  fine,  electrically 

heated  wire,  stretched  across  the  ends  of  two  prongs.  When 

/ 

exposed  to  an  air  stream  the  wire  loses  heat  by  convection, 
with  the  result  that  its  temperature  (and  therefore  elec¬ 
trical  resistance)  varies  with  the  velocity  and  current  of 
the  air  stream  in  accordance  with  King's  law.  The  in¬ 
strument  can  be  used  in  two  ways.  One  method  is  to  heat 
the  wire  with  a  constant  current  and  then  determine  the 
velocity  by  measurement  of  resistance.  This  method  is 


l  n\'eR 


' 
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known  as  the  "constant  current  method".  With  the  other 
method,  the  wire  is  maintained  at  a  constant  temperature, 
and  therefore  constant  resistance,  and  the  velocity  is 
determined  from  the  measured  value  of  the  current.  This 
method  is  known  as  the  "constant  temperature  method". 
Either  one  can  be  used  for  low  frequency  velocity  fluc¬ 
tuations  ,  but  the  latter  is  generally  used,  because  with 
it  we  can  obtain  increased  accuracy  for  high  frequency 
fluctuations.  In  the  present  study  a  DISA  type  55D01 
cons tant-temperature  anemometer  unit  was  used.  This  unit 
is  a  commercially  available  item  (DISA  Elektronic  A/S, 
Herlev,  Denmark) .  Its  principle  of  operation  is  shown  by 
a  block  diagram  in  Figure  3.6-a. 

For  conditions  of  thermal  equilibrium,  the  rate  of 

heat  loss,  Q,  from  the  hot-wire,  must  be  equal  to  the 

heating  power  generated  by  the  electric  current,  that  is, 

2 

it  must  be  equal  to  (I  R  ) ,  where  I  is  the  probe  current 
and  is  the  operating  resistance  of  the  wire.  For  a 
hot-wire  operated  at  a  specific  over-heating  ratio,  in  a 
specific  fluid,  at  a  specific  temperature,  the  quantity 


Q 


T  -T. 
w  f 


)  a  ( 


x\ 

R  -R. 
w  f 


where  Rf  is  the  resistance  of  the  wire  at  fluid  tempera¬ 
ture.  Comparing  the  above  expression  with  equation  3.14 
we  can  say  that: 

j2rw  _  A. (T  )  +  B  u°*45 
R  -R,  -It  I 

w  f 


(3.15) 


BRIDGE  CURRENT 
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FIGURE  3.6  DETAILS  OF  HOT-WIRE  ANEMOMETER  AND  EXPERI¬ 
MENTAL  SET  UP 


to  a  fair  approximation,  for  a  given  wire,  where  A^  is  a 
function  of  Tf,  but  B±  is  not.  Equation  3.15  can  be 
written  in  a  general  form  as: 


R  -R£ 
w  f 


I2  =  A1+B1un 


(3.16) 


where  constants  A^ ,  ,  and  n  are  chosen  so  they  best  fit 

the  calibration  data  within  a  selected  velocity  interval. 

The  output  of  the  anemometer  is  a  bridge  voltage, 

2 

E,  and  the  squared  voltage,  E  ,  is  proportional  to  the 
heat  loss  of  the  wire  at  the  velocity  in  question.  Thus, 
equation  3.16  in  terms  of  the  bridge  voltage  E,  of  the 
anemometer  can  be  written  as: 

E2  =  A-^B^11 

the  constant  of  proportionality  being  absorbed  in  A^  and 
B^.  Thus  if  Eq  is  the  bridge  voltage  at  zero  velocity, 
the  above  equation  can  be  written  as 

E2  =  E2+B1un  (3.17) 

o  1 

The  empirical  equations  3.15  or  3.17  representing 
heat  loss  and  velocity  can  be  used  for  the  evaluation  of 
velocity  fluctuations  from  anemometer  measurements.  How¬ 
ever,  in  order  to  describe  the  hot-wire  response  to 
fluctuating  flow,  a  term  which  takes  into  account  the 
thermal  inertia  of  the  wire  must  be  added  to  the  right  hand 
side  of  equation  3.15  or  3.17.  Assuming  a  uniform  tem¬ 
perature  distribution  along  the  wire,  we  then  obtain  the 
following  heat  balance  equation: 


. 


'  . 
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R 


w 


R  -R, 
w  f 


2  ,  ir>  n  C  dR 

1  A1+B1U  +  R  -Rf  dt 

w  f 


(3.18) 


where  C  = 


w 

is  the  modified  heat  capacity  of  the  wire. 


C T  =  specific  heat  of  wire 
w 

a  =  temperature  coefficient  of  resistance  (referring 
to  the  temperature  of  the  fluid) 

The  thermal  inertia  of  the  wire  influences  its  fre¬ 
quency  response  in  a  constant  current  mode  of  operation. 
This  is  especially  true  when  the  wire  is  exposed  to  a 
sudden  change  in  the  velocity,  or  when  the  velocity  fluc¬ 
tuations  are  large.  A  constant  temperature  mode  of  opera¬ 
tion  is  thus  preferable  to  a  constant  current  operation 
under  such  circumstances,  as  the  constant  temperature 
system  minimizes  the  effect  of  probe  thermal  inertia  by 
keeping  the  wire  at  a  constant  temperature  (resistance) , 
and  using  the  heating  current  as  a  measure  of  heat  trans¬ 
fer,  and  hence  also  of  velocity. 


3.8.3  CONSTANT  TEMPERATURE  OPERATION 

The  constant  temperature  mode  of  operation  was  first 
proposed  by  Kennelly  et.  al.  as  early  as  1909.  However, 
this  principle  requires  a  sophisticated  and  well-designed 
electronic  system,  as  explained  by  the  aid  of  the  block 
diagram  in  Figure  3.6-a. 

The  Wheatstone  bridge  is  in  exact  balance  at  a 
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certain  bridge  voltage,  which  is  supplied  by  the  servo 
amplifier.  A  slight  change  of  the  probe  resistance,  due 
to  a  change  in  the  convective  cooling  of  the  wire,  pro¬ 
duces  a  small  unbalanced  voltage.  This  voltage,  after 
having  undergone  considerable  amplification,  is  then  used 
to  adjust  the  bridge  voltage,  and  hence  probe  current,  in 
such  a  way  that  the  bridge  will  be  kept  balanced  and  the 
wire  resistance  kept  constant.  Thus  the  temperature 
variations  of  the  hot-wire  remain  extremely  small,  and  it 
can  be  shown  (Andersen,  1966)  that  the  upper  frequency 
limit  is  increased  by  a  factor  of: 

G  - 2aR  s 
w 


where  a 


is  the  over-heating  ratio  and  s  is  the 


amplifier  transconductance. 

Because  of  the  constant  temperature  of  the  wire,  the 
constants  A^  and  in  equation  3.16  are  indeed  constant, 
that  is,  independent  of  the  turbulence  fluctuations.  Thus 
the  constant  temperature  method  is  the  most  expedient  when 
measurements  in  turbulent  flows  of  great  relative  inten¬ 
sity  are  to  be  made.  A  detailed  description  of  the  con¬ 
stant  temperature  operation  of  the  hot-wire  anemometer  can 
be  found  in  Hinze  (1959)  and  Bradshaw  (1971). 


3.8.4  MEASUREMENTS  OF  FLOW  FLUCTUATIONS 


Beginning  with  the  simple  case  of  one— dimensional 


»  '  I 


flow,  we  can  measure  the  fluctuating  component  of  flow 
velocity  with  a  hot-wire  mounted  perpendicular  to  the 
flow  direction,  using  the  calibration  curve  E  =  f (u) 
(equation  3.17).  In  actual  measurements,  the  slope  dE/du 
of  the  calibration  curve,  E  =  f (u) ,  determines  the  sen¬ 
sitivity  of  the  output  voltage  to  changes  in  velocity  if 
these  are  less  than  about  10-20%  of  u. 

This  can  be  shown  as  follows: 

E  =  f  (u) 


J  r: 

Therefore,  dE  =  3—  du 

du 


or,  for  small  fluctuations, 

,  df  , 

e '  =  3—  u' 
du 


where  e'  is  the  fluctuation  in  voltage  and  u'  the  fluctua¬ 
tion  of  velocity.  The  quantity  e'  (=dE)  is  usually  mea¬ 
sured  as  the  r.m.s.  value  of  the  fluctuating  voltage, 

— j 

=  /(e1  ),  on  an  r.m.s.  voltmeter  connected  to  the  hot-wire 

anemometer.  The  corresponding  r.m.s.  value  of  the  fluc- 
tuating  component  of  the  velocity,  =  Z(u'  ),  can  be  found 
directly  from  the  equation  3.19,  if  we  know  the  slope 
dE/du  of  the  calibration  curve.  If  the  amplitude  of  the 
calibration  curve  is  large,  as  compared  to  the  mean  velo¬ 
city,  it  may  be  necessary  to  correct  for  the  distortion 
caused  by  the  non-linear  response  of  the  hot-wire.  How¬ 
ever,  this  difficulty  can  be  overcome  by  means  of  a 


linearizer . 
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3.8.5  MEASUREMENTS  OF  CROSS  COMPONENTS 
AND  CORRELATION 

A  wire  perpendicular  to  the  mean  flow  direction  will 
be  sensitive  to  instantaneous  velocity  fluctuations  in 
this  direction  only  as  long  as  the  velocity  fluctuations 
in  the  transverse  directions  are  small.  If  the  wire  forms 
an  angle  of  45  degrees  to  the  mean  flow,  it  will  display 
equal  sensitivity  to  either  of  the  two  fluctuating  velo¬ 
city  components  in  the  plane  formed  by  the  direction  of 
mean  flow  and  the  wire  axis.  Thus  two  wires  placed  at  an 
angle  of  45  degrees  with  respect  to  the  mean  velocity, 
(Figure  3.6-b)  will  generate  output  signals  proportional 
to  the  sum  (u’+v!)  and  the  difference  (u'-v1)  of  the  two 
fluctuating  components. 

Such  a  configuration  of  the  hot-wire  of  the  X-probe 
is  very  useful  in  the  measurements  of  Reynolds  stresses. 

In  the  following  section,  the  mode  of  operation  of  an 
X-probe  in  the  measurement  of  turbulent  quantities  is 
discussed. 

3.8.6  THE  X-PROBE  IN  A  PLANE  FLOW  FIELD 

The  simplest  form  of  X-probe  consists  of  two  hot-wires 
attached  to  the  prongs  of  the  supports  so  as  to  be  located, 
as  nearly  as  possible,  in  the  same  plane.  This  plane  will 
be  referred  to  as  the  "probe  plane".  In  the  probe  plane 
they  form  a  cross.  The  wires  are  connected  to  separate 
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anemometers.  The  turbulence  components  are  separated  by 
means  of  a  correlator.  In  many  cases  the  probe  is  placed 
in  the  flow  field  in  such  a  way  that  the  mean  flow  velo¬ 
city  vector  is  located  in  the  probe  plane,  thus  both  wires 
being  in  this  plane  are  exposed  to  the  flow  at  the  same 
angle.  Consequently,  in  this  position,  only  one  longi¬ 
tudinal  component  of  mean  flow  velocity  is  present  so  it 
is  usually  the  position  in  which  the  probe  is  calibrated. 
If  deviation  from  the  flow  direction  occurs,  or  cannot  be 
avoided  in  subsequent  measurements,  the  transversal  com¬ 
ponents  of  mean  velocity  will  occur,  affecting  measure¬ 
ments  of  both  the  longitudinal  mean  velocity  component  and 
the  turbulence  component.  In  the  following  discussion, 
it  is  assumed  that  both  wires  of  the  X-probe  are  inclined 
at  an  angle  of  45  degrees  to  the  mean  flow  direction,  and 
that  the  probe  plane  is  parallel  to  the  direction  of  the 
mean  flow. 

Since  it  is  very  difficult  to  find  an  X-probe  which 
has  hot-wires  with  identical  calibration  curves,  let  us 
assume  that  the  calibration  curves  for  hot-wires  A  and  B 


of  the  X-probe  (Figure  3.6-b)  are: 

n. 

) 

) 

) 


E2  =  E2  +  B  u  A 
A  oA  A  wA 


and  +  B__  u t 

B  °B  B  WB 


(3.20) 


where  E.  _  =  bridge  voltages  for  the  two  hot-wires, 
a  r  a 


1 


. 
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E  ,  B  ,  and  n  are  constants  which  are  independent 
°A,B  A'B  A'B 


of 

the 


flow  velocity  and  can  be  determined  by  calibration  of 


hot-wires,  and  u 


w 


A,  B 


is  the  flow  velocity  acting  in  a 


direction  perpendicular  to  the  axis  of  hot-wires. 

For  two-dimensional  turbulent  flows,  we  may  write  the 
instantaneous  velocities  in  longitudinal  and  transverse 
directions  as: 


u  =  u  +  u’ 
v  =  v- +  v‘ 

designating  the  time  averages  of  the  components  as  u,  v, 
and  the  instantaneous  values  of  the  turbulent  fluctuations 
as  u1  and  v1 . 

The  component  of  velocity  perpendicular  to  the  hot¬ 
wire  axis  can,  therefore,  be  written  as: 

,co  .  -.o  1  ,  » 

u  =  u  sm  45  -  v  cos  45  =  pr  (u  -  v) 
wA  v2 


(3.21) 

u  =  u  sin  45°  +  v  cos  45°  =  (u  +  v) 
wB  v2 


3.8.7  DETERMINING  MEAN  VELOCITY  WITH  THE  X-PROBE 

Applying  the  rule  of  averages  to  equations  3.21,  we 
can  write: 

\  “  h  ("  "  ?) 

v =  A  (" + 


(3.22) 


V 


' 
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Hence 


and 


(3.22) 


Substituting  the  values  of  u  and  u 


w. 


B 


from  calibration 


equations  3.20,  we  can  write  the  mean  components  of  velo¬ 
cities  in  the  longitudinal  and  transverse  directions  as: 


u  a  A  {(eI  -  Eo  >/v1/nA  +  A  Ue b  -  <)/BB>1/nB 

A  B 


(3.23) 


(3.24) 


2  2 

where  and  Eg  are  the  mean  squared  output  voltages  and 


can  be  measured  on  a  D.C.  voltmeter  connected  to  the 
anemometer. 

In  equations  3.23  and  3.24,  all  the  terms  on  the  right 
hand  side  of  the  equations  are  known  and  hence  u  and  v  can 
easily  be  calculated. 

3.8.8  DETERMINING  TURBULENCE  INTENSITY 
AND  SHEAR  STRESS 

The  turbulence  fluctuations  are  computed  by  mea¬ 
suring  voltage  fluctuations  in  the  anemometer  circuits. 
Differentiating  the  analytical  expression  of  the  calibra¬ 
tion  curve  of  a  hot-wire  (equation  3.20),  we  get: 


dE 


du 


w 


.  n. 


2E 


u 


w 


' 


- 
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dE  is  then  the  voltage  fluctuation,  e'  ,  caused  by  the  velo¬ 
city  fluctuation  du  (=u* ) ,  at  u' .  The  voltage  fluctua- 
tions  for  the  wires  A  and  B,  therefore,  will  become: 


2  2 
E7-E 
A  o 


A 


u* 


and 


2EB 


) 

) 

]  (3.25) 

) 

) 


The  velocity  fluctuations  normal 
in  accordance  with  equations  3.21,  will 


u' 

WA 

II 

3m 

(  U 1 “V 1 ) 

and 

u' 

w 

B 

1 

/  2 

(u'+v' ) 

or. 

u’ 

li 

3m 

(u‘  +  u'  ) 

WA  WB 

and 

v' 

II 

(u‘  -u'  ) 

WB  WA 

to  the  two  wires, 
be: 


) 

) 

) 

) 


(3.26) 


Substituting  the  values  of  u'  ,  u'  from  equations 

WA  WB 

3.25,  and  u^  ,  u^  from  equations  3.20,  into  equations 
3.26  and  simplifying,  we  obtain  the  following  expressions 
for  u'  and  v' 


u.  =  £  <Ha  ei  +HBe^) 


1  (H  e'-H  e' 


72 


B  B  A  A) 


) 

) 

) 

) 


v* 


(3.27) 


2E. 


where  th  = 
A 


2  2 
n  (E*-E  ) 

A  A  o, 7 
A 


{(e:  - 


E^)/BA}1/nA 


(3.28) 


2E 


HB  = 


B 


nB(EB-Eo) 

D 


<<eb  - 


E0  )/BB}1/nB 
°B  B 


) 


Squaring  and  taking  the  time  average  of  equations 
3.27  results  in 


u'2  =  —  (h^  e'^  +  e'^  +  2H  H  e'  e')  ^ 

2  ^  A  A  B  B  A  B  A  B}  ) 

) 

_  _  _  ) 

2H  H  e 1  e 1  )  ^ 

B  ~  B  A  B  A  b'  ) 


(3.29) 


v 


2  1  2  2  2  2 

'  -  I  (ha  e  a  +  H~  - 


similarly,  multiplying  u’  and  v'  in  equations  3.27,  and 
taking  the  time  average,  gives  us  the  turbulent  shear 
stress  term  as: 


u '  v 1  = 


1  (H2p'2  -  U2o<2\ 

2  (HBe  B  HAe  A 


(3.30) 


2  2 

The  quantities  e'  ,  e'  can  be  measured  directly  on 
an  r.m.s.  voltmeter  connected  to  the  anemometer.  The  cor¬ 
relation  factor,  e'e',  between  the  fluctuating  components 
of  voltage,  can  be  measured  directly  on  an  analog  cor¬ 
relator,  also  connected  to  the  anemometer. 

The  third  component  of  the  turbulence  fluctuations, 
w' ,  can  be  measured  by  rotating  the  X-probe  90  degrees  in 
the  vertical  plane.  For  two-dimensional  turbulent  flow  it 


can  be  shown  that: 


} 
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w2  =  {i  +  (V/U)2}  {n2e-2  +  H2e 1 2  -  21^^}  (3.31) 

Numerical  calculations  of  u'  ,  v'  ,  w'  and  u' v' 
from  equations  3.29,  3.31  and  3.30  can  easily  be  performed 
with  a  calculator  or  computer. 

I 

3.8.9.  INFLUENCE  OF  INACCURACIES 

OF  THE  ANGLE  OF  ATTACK 

An  experimental  investigation  of  the  error  in  mea¬ 
surements  with  an  X-probe,  caused  by  inaccurate  angles  of 
attack,  was  carried  out  by  Klatt  (1969).  Error  can  be 
caused  by  an  inaccuracy  in  the  angle  of  attack  in  the  probe 
plane  (angle  a  in  Figure  3.6-c),  and/or  by  an  inaccuracy 
in  the  angle  between  the  probe  plane  and  the  mean  flow 
direction  (angle  cj)  in  Figure  3.6-c).  However,  the  error 
caused  by  inaccuracies  in  the  angle  of  attack  compared  to 
that  assumed  in  the  foregoing  analysis,  was  very  small. 
Klatt 1 s  .  investigation  led  to  the  decision  that  the  X-probe 
can  be  used  in  oblique  operation  at  angles  of  up  to  ±  25° 
in  the  probe  plane  without  causing  an  error  of  more  than 
1%  in  mean  velocities  u  and  v.  On  the  other  hand,  the 
angle  <J>  should  not  be  greater  than  5°  so  as  to  limit  the 
error  in  u  and  v  to  less  than  1%. 

When  determining  turbulence  quantities,  measured 
values  of  adequate  accuracy  can  only  be  expected  for  u' , 


' 

' 


'  L 
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and  for  low-level  isotrophic  turbulence  at  angles  not 
greater  than  20-25°.  For  transverse  components  of  velocity 
fluctuation,  the  oblique  angle  of  attack  should  be  res¬ 
tricted  to  below  10°  to  give  adequate  results. 

It  should  be  noted  here  that  the  influence  of  in¬ 
accurate  angles  of  attack  on  the  measured  value  of  flow 
velocities  and  turbulent  fluctuations  will  also  depend 
on  the  turbulence  level  and  its  structure.  Very  near  the 
wall,  therefore,  the  error  in  measured  values  of  turbulent 
fluctuations,  and  the  error  in  the  mean  velocities,  would 
be  quite  significant.  The  maximum  fluctuation  in  a  boun¬ 
dary  layer  occurs  at,  or  near,  -^u*  =  12.  Hence,  measure- 

v 

ments  taken  around  this  region  are  liable  to  be  faulty  and 
should  be  corrected.  In  the  present  study,  however,  all 
the  measurements  were  taken  well  above  this  region,  and  no 
corrections  were  applied  to  the  measured  values.  In  addi¬ 
tion,  the  ratio  v/u  never  exceeded  0.1  in  the  regions  where 
measurements  were  performed.  This  further  reduced  the 
error. 

Equations  3.29,  3.30  and  3.31,  therefore,  were  used 
to  directly  determine  turbulent  fluctuations. 

3.9  ARRANGEMENT  FOR  MEASUREMENT  OF  MEAN  VELOCITIES 

AND  TURBULENT  QUANTITIES  BY  X-PRQBE 

The  arrangement  for  the  measurements  of  mean  velo¬ 
city  and  turbulent  fluctuations  by  an  X-probe  is  shown  in 


' 


i 
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the  block  diagram  of  Figure  3.6-d.  The  mean  voltage  drops, 

EA  b '  across  each  hot-wire,  were  measured  with  DISA  55D30 

D.C.  voltmeters  and  the  r.m.s.  values  of  the  voltage  fluc- 

2 

tuations,  e'A  by  DISA  type  55D35  R.M.S.  voltmeters. 

The  correlation  factor,  e^e^ ,  was  measured  directly  by  a 
DISA  type  55D70  Analog  correlator,  through  a  DISA  type 
55D71  Dual  summing  unit. 

All  operations  were  performed  at  a  1:20  bridge  ratio 
and  at  a  probe  over  heating  ratio  of  0.8.  The  upper  fre¬ 
quency  limit  of  the  anemometer  was  600-800  kHz  and  the 
lower  frequency  limit  28Hz. 

3.9.1  X- PROBES 

A  DISA  type  55A32  X-probe  was  used  to  measure  u,  v, 

2  2  _ 

/u'  ,  /v'  and  u'v'.  A  DISA  type  55A39  X-probe  was  used 

2 

to  measure  /wr  instead  of  rotating  the  first  X-probe  90 
degrees  in  the  vertical  plane.  The  wires  of  both  X-probes 
were  of  5  micron  diameter  platinum-coated  tungsten  with 
an  effective  length  of  approximately  1  m.m.  The  aspect 
ratios  of  the  wires  were  200. 

3.10  CALIBRATION  OF  X-PROBES 

Calibration  curves  for  the  X-probes  were  determined 
by  passing  compressed  air  through  a  3-inch  diameter  pipe, 
fitted  with  a  heating  element  and  a  0.92  inch  diameter 
nozzle,  at  the  outlet.  The  heating  element  was  connected 


. 


. 


< 


to  a  rheostat,  R  (Figure  3.8-a),  which  was  adjustable  to 
allow  maintenance  of  a  constant  temperature  of  70°  F  at 
the  outlet.  The  mean  outlet  velocity  was  found  by  mea¬ 
suring  the  pressure  drop  across  the  nozzle.  During  cali¬ 
bration,  the  X-probes  were  placed  1/4  inch  from  the 
nozzle,  with  the  axis  of  the  probe  on  the  axis  of  the 
nozzle.  The  effective  cooling  velocity,  u^  of  both  the 
wires,  for  DISA  type  55A32  X-probe,  was  assumed  to  be 
(assuming  a  45°  inclination)  uw  =  0.707u,  while  for  DISA 
type  55A39  X-probe,  u^  was  equal  to  u.  The  calibration 
curves  for  both  probes  are  plotted  in  Figure  3.7.  The 
following  calibration  equations  for  the  X-probes  were 
found: 


1. 

DISA 

type 

55A32  X-probe 

wire 

A: 

EA  =  8-8  +  1'62  Uw  ) 

E3  =  8.95  +  1.57  u°'46  ) 

B  w 

wire 

B: 

(3.32) 

2. 

DISA 

type 

55A39  X-probe 

wire 

A: 

2  o  49 

E,  =  8.85  +  0.94  uu*^  . 

A  w  ) 

EB  =  8-3  +  Uw‘49  > 

wire 

B: 

(3.33) 

It  is  to  be  noted  that  for  DISA  type  55A32  X-probe, 
u  =  0.707  u,  hence  the  coefficients  1.62  and  1.57  for 
wires  A  and  B  will  reduce  to  1.15  and  1.11  respectively 
for  the  mean  flow  velocity  u. 

A  comparison  of  mean  velocity  profiles,  measured 
by  the  X-probe  and  by  the  flattened  Pitot-tube  of  diameter 
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«  u  cos  45°  =  0  707  u 
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Eqa  =  2.977  V,  Eqb  =  2.866  V 
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FIGURE  3.7  CALIBRATION  CURVES  FOR  X-PROBES 
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FIGURE  3.8-b  COMPARISON  OF  X-PROBE  FIGURE  3.8-c  COMPARISON  OF 

AND  PITOT-TUBE  MEAN  u ' -FLUCTUATIONS  MEASURED  BY 

VELOCITY  MEASUREMENTS  X-PROBE  AND  SINGLE  PROBE 


.002  feet,  is  plotted  in  Figure  3.8-b.  The  maximum 
discrepancy  between  the  two  measurements  was  found  to 
be  less  than  5%  except  in  the  vicinity  of  the  wall  where 
it  was  somewhat  higher.  This  occurred  because  the  mea¬ 
sured  values  of  mean  velocities  obtained  with  both  in¬ 
struments  needed  to  be  corrected  for  the  high  level  of 
turbulence  present  near  the  wall.  The  Pitot  tube  mea¬ 
surements  were  adopted  for  the  analysis  of  the  mean 
velocity. 


3.10.1  CHECK  OF  VELOCITY  FLUCTUATION  MEASUREMENTS 

The  longitudinal  component  of  velocity  fluctua¬ 
tions,  u1 ,  measured  by  the  X-probe,  was  checked  against 
that  measured  by  a  single-wire  probe,  (DISA  type  55A22) , 
of  which  the  standard  calibration  curve  was  supplied  by 
the  DISA  company.  The  measured  values  of  /u'  /U  ,  from 
the  single  wire  and  the  X-probe,  are  plotted  in  Figure 
3.8-c.  The  maximum  discrepancy  was  found  to  be  less  than 
7%.  It  was  assumed  that  the  errors  in  measurement  of  v' 
and  w'  fluctuations  were  of  the  same  order  of  magnitude 


as  that  of  u' . 


CHAPTER 


I  V 


EXPERIMENTAL  RESULTS  AND  DISCUSSION 


4.1  EXPERIMENTS 

Two  sets  of  experiments  were  carried  out  for  the 
present  investigation.  The  first  series  of  six  experi¬ 
ments  was  carried  out  with  zero  pressure  gradient  flows, 
and  the  second  series,  of  three  experiments,  with  longi¬ 
tudinal  adverse  pressure  gradients.  All  but  one  run 
(run  number  6)  had  a  smooth  bottom  wall,  and  the 
cylindrical  obstacle  was  placed  at  the  leading  edge  of 
the  wall.  The  significant  details  of  these  two  groups  of 
experiments  are  given  in  Table  IV- 1. 

The  centre  line  mean  velocity  field  was  measured 
by  a  flattened  total  head  tube  of  external  thickness 
0.024  inches.  The  turbulent  fluctuations  and  turbulent 
shear  stress  were  measured  by  means  of  a  constant  tem¬ 
perature  hot-wire  anemometer.  The  turbulent  quantities 
were  measured  for  five  cases:  three  zero  pressure  gradient 
flows,  including  the  rough  wall  (runs  number  2,  4  and  6) , 
and  two  adverse  pressure  gradient  flows  (runs  number  8 
and  number  9) .  The  boundary  shear  along  the  centre  line 
was  explored  by  the  same  flattened  total  head  tube,  used 
as  a  Preston  tube,  for  all  runs  except  run  number  6  (the 
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TABLE  IV- 1:  GEOMETRY  OF  THE  OBSTACLE  AND  FLOW  CONDITIONS 
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rough  wall) .  A  circular  total  head  tube  with  an  outside 
diameter  of  0.11  inches  and  an  inside  diameter  of  0.085 
inches,  was  used  to  measure  the  boundary  shear  for  run 
number  6.  The  reason  for  using  a  circular  tube  for  the 
rough  wall  case  was  that  it  permitted  the  application  of 
Hwang  and  Laursen's  (1963)  calibration  equations  (Fig. 

3.5  -  Chapter  III)  for  determining  tq. 

The  free  stream  velocity  for  all  the  runs,  except 
run  number  1,  in  series  I,  was  96.0  ft. /sec.  For  run 
number  1  it  was  40.0  ft. /sec.  This  run  has  been  referred 
as  the  low  Reynolds  number  case. 

For  the  first  two  runs,  a  semi-circular  cylinder 
of  1/4  inch  radius  was  used  as  the  obstacle.  Sharp-edged 
plates  with  heights  varying  from  1/4  inch  to  3/4  inch 
were  used  as  the  obstacles  for  the  rest  of  the  runs. 

The  mildest  longitudinal  adverse  pressure  gradient 
applied  was  denoted  as  APG-I  (run  number  7) ,  and  the 
strongest  as  APG-III  (run  number  9) .  APG-II  (run  number 
8)  was  between  these  two. 

The  lowest  and  highest  values  of  the  free-stream 
Reynolds  numbers,  (U  h/v) ,  were  5200  and  37,500,  res¬ 
pectively. 


. 
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4.2 


EXPERIMENTAL  RESULTS  FOR  SERIES  I 
(ZERO  PRESSURE  GRADIENT  FLOWS) 


A  typical  velocity  distribution  in  the  centre-plane 
for  run  number  2  is  plotted  in  Figure  4.1(a-c).  In  this 
case,  unlike  that  of  a  wall-jet,  it  is  hard  to  diffe¬ 
rentiate  between  the  wake-like  and  boundary  layer-like 
characteristics  from  these  plots  of  velocity  profile. 
Therefore,  to  determine  the  velocity  scale,  u^m,  and  the 
length  scale,  b,  for  the  wake  profile,  some  indirect 
method  has  to  be  used.  Such  a  method  is  discussed  in  the 
next  section. 

In  Figure  4.1(a)  the  velocity  distribution  in  the 
region  immediately  behind  the  obstacle  is  plotted, 

(x/h  =  3  to  12) .  This  is  the  region  of  recirculation. 

The  flow  separates  from  the  obstacle  and  re-attaches  down¬ 
stream,  at  a  certain  distance  which  is  dependent  upon  the 
shape  of  the  obstacle  and  the  free-stream  Reynolds  number. 
For  this  particular  case  the  point  of  re-attachment  was 
at  approximately  x/h  =  11.5.  Since  the  purpose  of  the 
present  study  was  to  investigate  the  flow  structure  at 
long  distances  from  the  obstacle  (far-wake  region) ,  ex¬ 
tensive  measurements  were  not  made  in  the  region  of 
recirculation.  The  characteristic  feature  of  the  re¬ 
circulation  region  is  the  formation  of  a  standing  eddy, 
and  the  reversal  of  flow  near  the  boundary.  This  can  be 
observed  in  Figure  4.1(a). 


, 


' 


u  ( ft /sec) 


FIGURE  4.1-a  VELOCITY  DISTRIBUTION  IN  THE  REGION  OF 
SEPARATION  FOR  RUN  NUMBER  2 
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Figure  4.1(b)  shows  the  velocity  distribution  in 
the  near  wake  region,  (x/h  =  16  to  75) .  A  point  of  in¬ 
flexion  can  be  observed  on  the  plots  for  the  x/h  =  25, 

50  and  75.  On  the  other  two  profiles,  (x/h  =  16  and  20) , 
it  is  not  distinguishable.  The  point  of  inflexion  can 
be  used  as  a  rough  guide  in  determining  the  point  at  which 
the  velocity  profiles  begin  to  change  from  wake-like  flow 
to  boundary  layer-type  flow. 

Velocity  distribution  in  the  far-wake  region, 

(x/h  =  100  to  500),  is  plotted  in  Figure  4.1(c).  The 
point  of  inflexion  on  the  velocity  profiles  is  not  clearly 
marked  in  this  region.  However,  one  may  notice  that  the 
velocity  profiles  near  the  boundary  fall  on  a  single  curve 
(shown  by  a  chained  line) .  Unlike  a  plane-wake,  the  velo¬ 
city  for  a  wall-wake  will  approach  zero  at  the  wall  instead 
of  attaining  the  maximum  velocity  defect,  u^.  If  y  =  6^ 
(Figure  4.1-c),  is  the  point  at  which  the  velocity  profile 
deviates  from  its  wake-like  character,  then  an  analysis 
of  the  velocity  in  the  wall  region  can  be  made  by  assuming 
that 


(u/uw)  =  f  (y/6w)  (4.1) 

U  =  u„  at  y  =  «w. 


where 


'  ■ 
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FIGURE  4.1-b  VELOCITY  DISTRIBUTION  IN  THE  NEAR-WAKE 
REGION  FOR  RUN  NUMBER  2 
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FIGURE  4.1-C  VELOCITY  DISTRIBUTION  IN  THE  FAR-WAKE 
REGION  FOR  RUN  NUMBER  2 
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This  analysis  is  similar  to  that  of  the  wall-region 
of  a  wall- jet.  In  the  case  of  the  wall-wake,  this  type 
of  analysis  involves  the  practical  difficulty  of  de¬ 
termining  the  point  y  =  6  ,  which  varies  in  the  longi¬ 
tudinal  direction  x.  The  distance,  6  ,  can  be  visualized 

w 

as  being  the  distance  by  which  the  outer  layer  of  the 
wall-wake  is  displaced  from  the  boundary.  In  boundary 
layer  terminology,  one  can  call  this  distance  the  "wake- 
displacement  thickness".  The  possibility  of  correlations 
beween  6  ,  and  the  half-wake  width,  b,  and  between  the 
characteristic  boundary  layer  thicknesses,  6*  and  0,  and 
6  ,  may  also  be  suggested.  The  velocity  profiles  for  the 
other  runs  were  not  plotted.  It  was  considered  more  ex¬ 
pedient  to  display  them  in  tabular  form.  They  are  shown 
in  Tables  A-l  to  A-6  (Appendix  A) . 

4.2.1  DETERMINATION  OF  u,  and  b 

lm 

The  velocity  and  length  scales,  u^m  and  b,  for  the 
outer  region  of  the  wall-wake,  cannot  be  determined 
directly  from  the  velocity  profile  plots  so  an  indirect 
method  has  to  be  used. 

Assuming  that  the  velocity  profile  in  the  outer 
region  of  the  wall-wake  is  described  by  the  equation 


U  -u 
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u  i 
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where  and  are  the  measured  velocities  at  ordinates 
y ^  and  respectively,  we  can  write: 
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and 
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Dividing  equation  (4.2)  by  equation  (4.3)  and 
taking  the  square-root,  we  obtain: 


{(U0-u1)/(Uo-u2)}1/2 


3.41-  (yi /b) 3/2 

3.41-  (y2/b) 3/2 


solving,  we  obtain: 

b  =  {(kxy23/2  -  yx3/2)  /  3 . 41 (k.j-1) }2/3  (4.4) 


where  k.  =  { (U  -u,  )  / 
1  o  1 
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In  equation  (4.4)  we  know  y^,  y2  and  k^,  hence  b 

can  be  easily  determined.  Once  we  determine  b,  u,  can 

be  determined  by  either  equation  (4.2)  or  (4.3).  It 

should  be  noted  that  u^ty^)  and  u2(y2)  sh°uld  be  chosen 

such  that  they  fall  in  the  outer-region,  otherwise  the 

calculated  value  of  u..  and  b  will  be  incorrect.  One 

lm 

should  be  careful  in  the  selection  of  points,  u^(y1), 
and  u2^Y2^'  f°r  computation  of  u^m  and  b.  A  large 

error  in  u^  can  result  from  a  faulty  selection.  This 
can  be  explained  by  means  of  Figure  4.2.  Let  us  assume 
that  A  (u^,y^),  and  B  (U2'Y2^'  are  two  typical  experi¬ 
mental  points,  selected  for  the  computation  of  u-^m  and  b. 

As  can  be  seen  in  the  figure,  a  large  error  in  the  computed 
value  of  u^m  will  be  produced  by  fitting  the  erroneous 
wake  profile  (plotted  as  a  chained  line)  to  these  points; 
even  though  the  relative  error  in  A  and  B  is  small. 

It  was  found  that  the  best  result  can  be  obtained 
by  selecting  A  and  B  from  the  middle  one-third  region  of 
the  velocity  profile.  The  values  so  computed  must  be 
checked  by  at  least  one  more  set  of  points.  The  velocity 
and  length  scales  so  computed  are  tabulated  in  Table  A- 7 
(Appendix  A) . 


> 

-  " 

[  tf 

•  •  •  •  •  °*-v; 


u0~  u 

U1m 


COMPUTATION  OF  U,  AND 

lm 


b 


FIGURE  4 . 2  ERRONEOUS 


4.2.2  VELOCITY  DISTRIBUTION  IN  THE  OUTER  REGION 


For  all  runs  in  Series  I,  the  velocity  profiles 
in  the  center-plane  were  checked  for  similarity,  by 
plotting  the  non-dimensional  velocity  defect  (u  -u)/u^m, 
against  X  =  y/b.  The  plots  are  shown  in  Figure  4.3(a,b). 
It  can  be  observed  that  the  velocity  profiles  attain 
similarity  within  a  short  length  (x/h  =  25)  after  the 
flow  reattaches  to  the  wall.  The  point  of  reattachment 
(x  =  xr.  Figure  2.1)  for  the  six  runs,  was  found  to  range 
from  approximately  11  to  14  times  the  height  of  the 
obstacle.  A  fairly  close  agreement  with  the  wake-profile 
(equation  2.28),  can  be  seen  for  all  six  runs. 

For  run  number  1  (R^  =  5,200),  the  deviation  from 
the  wake-profile  can  be  seen  to  start  at  approximately 
y/b  =  0.3,  whereas  for  runs  2,  3  and  4  the  value  is 
slightly  higher,  (y/b-0.4).  For  runs  5  and  6  this  value 
is  higher  still,  (y/b-0.6).  If  we  recognize  the  fact  that 
the  Reynolds  number  is  largest  for  run  number  5  (37,500), 
and  smallest  for  run  number  1  (5,200) ,  and  also  that  the 
wall  is  rough  in  run  number  6,  then  these  plots  indicate 
that:  high  Reynolds  number, as  well  as  the  wall  roughness, 

tend  to  decrease  the  extent  of  the  outer-region.  Con¬ 
versely,  the  inner-region  of  the  wall-wake  has  a  tendency 
to  increase  with  the  Reynolds  number  and  the  wall  rough¬ 
ness.  A  definite  conclusion  regarding  this  observation 
cannot  be  drawn,  because  of  the  scatter  of  the  data. 
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FIGURE  4 . 3-a  VELOCITY  DISTRIBUTION  IN  THE  OUTER-REGION 
FOR  RUNS  1,2, AND  3 


FIGURE  4.3-b  VELOCITY  DISTRIBUTION  IN  THE  OUTER-REGION 
FOR  RUNS  4 , 5  AND  6 


However,  it  would  seem  logical  that  there  would  be  a 
faster  growth  of  the  boundary  layer  under  these  situa¬ 
tions  . 

If  y  =  6w  is  the  point  of  deviation  of  the  velocity 

profiles  from  the  wake-profile,  then  the  above  observation 

indicates  that  the  ratio  <$  /b  remains  constant  in  the 

w 

far-wake  region,  for  any  particular  flow  and  wall  charac¬ 
teristics.  Reynolds  number  and  wall  roughness  may  affect 
the  ratio  only  by  a  scale  factor. 

4.2.3  VELOCITY  DISTRIBUTION  IN  THE  INNER  REGION 
(SMOOTH  WALL) 

Velocity  distributions  in  the  "inner  region",  for 
the  first  five  runs,  are  plotted  in  Figures  4.4  (a,  b) . 

The  shear  velocity,  u*,  for  all  runs  has  been  computed  by 
the  Preston-tube  technique  described  in  Chapter  III.  It 
may  be  seen  that  the  law  of  the  wall: 

—  =  A  log^-*-  +  B 
u*  v 

holds  true  in  the  inner  region,  for  all  five  runs.  For 
run  number  1  (low  Reynolds  number  case) ,  the  data  becomes 
too  scattered  beyond  yu*/v  =  400,  and  the  "law  of  the  wall" 
does  not  seem  to  be  valid  beyond  this  point.  This  indi¬ 
cates  that  the  inner  region  is  smaller  for  this  run. 


FIGURE  4.4-a  VELOCITY  DISTRIBUTION  IN  THE  INNER-REGION 
FOR  RUNS  1,  2  AND  3 


For  runs  2,  3,  4  and  5,  the  logrithmic  form  of 
velocity  distribution  is  seen  to  be  valid  for  yu*/v  up  to 
1000  to  2000.  This  indicates  that  the  "law  of  the  wall" 
is  valid  over  a  larger  region  for  high  Reynolds  numbers. 

In  other  words,  we  can  say  that  the  "inner-region"  of  a 
two-dimensional  turbulent  wall-wake  increases  with  the 
free-stream  Reynolds  number.  The  effect  of  the  free- 
stream  Reynolds  number  on  the  "law  of  the  wall"  in  tur¬ 
bulent  boundary  layers  is  already  well  known  (Runstandler , 
Kline,  Reynolds,  1963).  However,  it  was  found  that  the 
experimental  data  fall  slightly  away  for  most  runs  from 
the  equation  describing  the  law  of  the  wall  in  the  tur¬ 
bulent  boundary  layer,  viz. 


—  =  5. 6  loq^H*  +  4.9 


(4.5) 


Equation  (4.5)  is  shown  as  a  solid  line  (marked 
(1) ) ,  in  Figures  4.4 (a, b). 

A  better  approximation  for  describing  the  velocity 
profile  in  the  inner  region  was  found  to  be 


—  =  5 . 6  log^*-  +3.8 
u*  v 


(4.6) 


and  is  shown  as  a  chained  line  (marked  (2))  in  Figures 
4.4(a,b).The  discrepancy  which  appears  can  be  attributed, 
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FIGURE  4.4-b  VELOCITY  DISTRIBUTION  IN  THE  INNER-REGION 
FOR  RUNS  4  AND  5 
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at  least  partly,  to  the  error  in  the  Preston  tube  measure¬ 
ments  of  u*.  Since  the  slope  of  the  logrithmic  profiles 
remains  unchanged,  it  seems  that  the  Preston  tube  measured 
values  of  u*  are  consistently  higher  than  the  actual 
values.  This  may  be  because  no  corrections  for  turbulence 
and  probe  geometry  have  been  applied  to  the  Preston  tube 
measurements. 

The  large  deviation  (in  all  five  runs)  of  the  ex¬ 
perimental  points  from  the  "law  of  the  wall",  in  the 
region  x/h  _<  25,  indicates  that  the  flow  in  the  wall-region 
has  not  developed  to  fully  turbulent  flow.  As  we  move 
further  downstream,  the  data  begin  to  fall  on  a  single 
line  (equation  4.6),  indicating  the  validity  of  the  law 
of  the  wall  in  the  inner  region. 

It  was  not  possible  to  take  measurements  in  the 
region  of  yu*/v  <  25,  with  the  instruments  available. 
However,  it  is  understood  that  the  velocity  profile  in  the 
region  close  to  the  wall  is  of  the  form: 

—  =  (4.8) 

u*  v 

Velocity  profiles  in  the  inner  region,  for  runs  2, 

3,  4  and  5,  are  plotted  in  terms  of  (y/b) ,  in  Figure  (4.5). 
It  has  been  found  that  a  power  law,  of  the  form: 
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28  (ft  1/5 


(4.9)  , 


describes  the  velocity  profile,  in  the  far-wake  region, 
very  well  for  all  four  runs.  It  can  be  seen  that  the 
region  over  which  equation  (4.9)  holds,  increases  as  x/h 
increases.  If  y  =  6  is  the  point  at  which  the  velocity 


profile  deviates  from  equation  (4.9)  and  adheres  to  the 
wake  profile,  and  if  u  —  u^  at  y  =  <5^,  then  from  equation 
(4.9)  we  may  derive: 


(4.10) 


w 


w 


Equation  (4.10)  represents  the  velocity  profile  in 


the  inner-region  of  the  wall-wake,  with  zero  pressure 
gradient.  However,  u^  and  6^  are  yet  to  be  evaluated. 


4.2.4.  VELOCITY  DISTRIBUTION  IN  THE  INNER- REGION 
FOR  THE  ROUGH  WALL- WAKE 


Velocity  distribution  in  the  inner  region  for  run 


number  6  (the  rough  wall  case)  is  shown  in  Figure  (4.6), 
where  u/u*  is  plotted  against  (y/k  ) ,  k  being  the  equiva- 
lent  sand  roughness  height.  The  value  of  k  for  the  type 

b 

of  roughness  used  was  found  to  be  equal  to  0.0061  feet. 

The  effective  datum  was  found  to  be  0.0009  feet  below  the 
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FIGURE  4.6  VELOCITY  DISTRIBUTION  IN  THE  INNER-REGION 
FOR  RUN  NUMBER  6  (ROUGH  WALL) 
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crest  of  the  protruberances ,  by  using  the  method  described 
in  section  3.7.4  (Chapter  III). 

The  shear  velocity,  u*,  was  computed  from  the  slope 
of  the  logrithmic  profile,  which  was  assumed  to  be  of  the 
form: 


~  =  5.75  log£-  +  8.5  (4.11). 


Thus,  u* 


1 

5.75 


iogTy^7yJ) 


f 


where  u^  and  are  mean  velocities  at  ordinates  y^  and 
^2 •  respectively.  Shear  velocity  was  also  computed  by 
using  Hwang  and  Laursen's  equation  (equation  3.8),  but 
it  was  found  that  u*,  thus  computed,  was  not  consistent. 

For  some  profiles,  u*  computed  by  equation  (3.8)  was  too 
low,  and  for  others  too  high,  as  compared  to  the  values 
computed  by  using  the  slope  of  the  logrithmic  profile. 

Thus  the  values  of  u*  determined  by  the  slope  of  the  log¬ 
rithmic  profile  were  adopted. 

The  plot  in  Figure  (4.6)  indicates  that  u* ,  thus 
determined,  is  fairly  accurate,  as  all  the  data  for 
x/h  40  fall  on  a  single  line,  without  much  scatter. 

One  can  conclude  that  the  flow  in  the  inner  regions  becomes 
rough  turbulent  flow  beyond  x/h  >  40.  Further,  it  may  be 


’ 
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noticed  that  even  though  u*  was  computed  from  equation 
(4.11),  this  equation  (marked  (1)  in  Figure  4.6)  does  not 
represent  the  best-fit-line  for  the  experimental  points 
in  the  plot.  This  could  be  due  to  the  fact  that  the  k 

s 

value  adopted  for  the  type  of  roughness  used,  may  not  be 

correct.  The  correct  k  value  can  be  computed  from  the 

s 

equation  of  the  best-fit-line,  given  by: 

—  =  5.75  log^  +  9.7  (4.12) 

u*  s 

If  (k  )  is  the  correct  value  of  k  ,  then  for  rough 
s  c  s 

turbulent  flow  we  must  have: 


u 


—  =  5.7  5  log- 


u 


<Vc 


+  8.5 


(4.13) 


Subtracting  one  from  the  other,  we  obtain: 


k 

s 

TFT- 

sc 


5.7  5  log-TT-T  ■  =  1.2 


Since  the  value  of  k  adopted  was  0.0061  feet,  we  obtain 

s 

(k  )  = 

sc 


0.0038  feet. 
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The  change  in  the  equivalent  sand  roughness  height, 
for  the  rough  strip  used  in  this  experiment,  resulted  from 
the  fact  that  the  aluminum  oxide  cloth  used  for  the  rough¬ 
ness  study  was  the  same  as  that  used  by  Hollingshead , 

(1972) .  The  value  of  kg  determined  by  Hollingshead  was 
0.0061  feet  (section  3.3,  Chapter  III).  The  cloth  he 
used  was  subsequently  used  in  water  for  a  long  period  of 
time  before  being  used  for  the  present  study.  Hence  its 
k  value  is  likely  to  decrease. 

O 

From  Figures  (4.4)  and  (4.6),  it  can  be  concluded 
that  the  logrithmic  velocity  profile  holds  true  for  flow 
in  the  inner  region  of  the  wall-wake,  for  smooth  as  well 
as  rough  surfaces.  The  region  over  which  the  logrithmic 
law  is  valid  is  larger  for  a  rough  surface  than  for  a 
smooth  one,  under  the  same  flow  conditions.  It  is  likely 
that  the  grain  size  and  the  roughness  pattern  will  further 
influence  the  region  of  validity  of  the  logrithmic  profile. 

4.2.5  GROWTH  OF  LENGTH  SCALE 

The  length  scale,  b,  nondimensionalized  by  the 

height  of  the  obstacle,  h,  is  plotted  against  x/h  in 

Figure  (4.7),  and  is  tabulated  in  Table  A- 7  (Appendix  A). 

In  this  plot  the  drag  coefficient,  CDq,  has  not  been  taken 

into  account.  This  plot  was,  in  fact,  used  to  compute 

C^  for  some  of  the  obstacles,  for  which  the  determination 

of  C^  by  other  means  was  difficult.  It  can  be  seen  that 
Do  1 
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FIGURE  4.7  GROWTH  OF  LENGTH  SCALE;  (b/h)  VS.  (x/h) 


the  length  scale  varies  with  the  square-root  of  the 
distance  from  the  obstacle r  as  was  predicted  by  the 
theory.  Further,  the  experimental  points  fall  on  two 
separate  lines.  The  data  for  runs  number  1  and  number  2 
(semi-circular  cylinders)  indicate  that  for  these  two  runs 
the  half-wake  width,  b,  is  less  than  that  for  a  sharp- 
edged  plate  (runs  3,  4,  5  and  6).  This  is  obvious  because 
the  coefficient  of  drag  for  a  semi-circular  cylinder 
resting  on  a  floor  is  less  than  that  for  a  sharp-edged 
plate  resting  on  a  floor.  If  we  take  CDq  =  1.25  for  a 
sharp-edged  plate  resting  on  a  wall  (Hoerner,  19  65)  , 
then  CDq  for  a  semi-circular  cylinder  resting  on  the  wall 
can  be  computed  as  follows.  We  have  the  equations  of 
line  (1)  and  line  (2),  in  figure  (4.7),  as: 

line  (1):  b/h  =0.42  (x/h) 1/2 

1/2 

line  (2):  b/h  =  0.515  (x/h) 


If  the  equation  for  the  growth  of  the  length  scale 
is  of  the  form: 

b/hCDo  =  C2  (x/hCDo)1/2 


b/h  =  C2  (x  CDo/h)1/2 


then , 


t-s 


For  line  (2) ,  the  value  of  C.  =1.25 

Do 

Therefore,  =  0.46 

Therefore,  CDq  for  line  (1) ,  (runs  number  1  and  number  2) , 
is 

c:  =  0.84 

Do 

The  computed  value  of  CDq  =  0.84  has  been  adopted 

for  runs  number  1  and  number  2  in  the  plot  of  (b/h.CDo) 

versus  (x/h.CDo),  in  Figure  (4.8).  It  is  to  be  noted  that 

run  number  1  (low  Reynolds  number  case) ,  and  run  number  2 

(high  Reynolds  number  case) ,  are  at  different  Reynolds 

numbers  for  the  same  obstacles  (semi-circular  cylinder) , 

and  the  value  of  CDq  might  be  different  for  both  of  them. 

But,  since  line  (2)  in  Figure  (4.6)  is  the  mean  line  for 

runs  number  1  and  number  2,  the  value  of  0.84  for  CDq  is, 

in  fact,  the  mean  drag  coefficient  for  the  two  cases. 

The  experimental  points  for  line  (1)  in  Figure  (4.7) 

indicate  that  the  difference  between  the  actual  values 

of  (for  run  number  1  and  run  number  2)  and  the  mean 

Do 

value  of  0.84,  is  not  appreciable. 

From  Figure  (4.8)  it  was  found  that  the  growth  of 
the  length  scale  could  be  described  by  the  equation: 

b/h  CDo  =0.46  (x/h  CDo)1/2 


(4.14) 
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FIGURE  4.8  GROWTH  OF  LENGTH  SCALE;  (b/hC^  )  VS.  (x/hC 


There  is  only  a  slight  change  in  the  coefficient 


(=  0.46)  from  the  theoretical  equation  (equation  2.44)  , 
derived  earlier,  for  the  growth  of  half-wake-width. 


It  may  also  be  noticed  that  the  half-wake-width  for 


the  case  of  the  rough  wall  (run  number  6)  increases  in  the 
same  way  as  for  the  smooth  wall.  This  confirms  our  hy¬ 
pothesis,  that  wall-characteristics  will  not  affect  the 
wake-characteristics  of  a  turbulent  wall-wake  to  any  ap¬ 
preciable  extent. 


To  determine  the  virtual  origin  of  the  growth  of 

1/2 

the  wake,  (b/h  CDq)  was  plotted  against  (x/h  CDq)  . 


The  virtual  origin  was  found  to  lie  at  (x/h  CDq)  -  -4. 
Since  this  value  is  not  of  much  significance  in  the  " far- 
wake  region",  its  effect  was  ignored. 

4.2.6  DECAY  OF  VELOCITY  DEFECT  SCALE 

In  Figure  (4.9),  a  plot  of  U^m/UQ  versus  (x/h  CDq) 
is  shown.  It  was  found  that  the  centre  line  velocity 
defect  decays  in  the  manner  described  by: 


=1.3  (x/h  CDq)  1/2 


(4.15) 


for 
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FIGURE  4.9  DECAY  OF  VELOCITY  SCALE 


Thus,  the  inverse  square-root  law  for  the  decay  of 


velocity  defect,  as  predicted  by  the  theory,  holds  true 

(equation  2.33).  The  discrepancy  between  the  measured 

value  of  the  coefficient,  (=1.3),  and  the  one  predicted 

by  theory  (C2  =  1.35,  equation  2.43),  is  very  small. 

This  deviation  of  coefficients  and  C 2  from 

their  theoretical  values  may  be  the  result  of  one  or  more 

of  the  following  factors: 

(i)  Errors  in  experimental  measurements. 

(ii)  Error  in  the  adoDted  value  for  . 

Do 

(iii)  In  the  theoretical  computations  of  these  co¬ 
efficients,  it  was  assumed  that  the  velocity 
profiles  follow  equation  (2.28)  right  up  to  the 
boundary,  which  is  not  true. 

However,  since  the  deviation  is  very  small,  no 
attempt  was  made  to  compute  the  corrected  values  of  the 
coefficients  and 

Once  again  we  find  that  the  roughness  of  the  wall 
does  not  affect  the  decay  of  the  velocity  scale. 

4.2.7  DISTRIBUTION  OF  BED  SHEAR  STRESS,  Tq 

1  2 

A  plot  of  t  /  t  p  u.  versus  x/h  C_  ,  is  shown  m 
^  o  2  K  lm  Do 

Figure  (4.10),  on  a  log-log  scale.  It  was  found  that 

1  2 

x  /  P  u,  =  Cr  ,  increases  linearly,  in  the  far-wake 
o  2  lm  fm 

region,  with  x/h  CDq,  in  the  manner  described  by  the 
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FIGURE  4.10  BED  SHEAR  STRESS  DISTRIBUTION  ALONG  THE 
CENTER  PLANE 


equation: 


2.1  x  10  3(t— p— ) 

n,uDo 


(4.16) 


The  above  equation  can  be  seen  to  approximate  the 
distribution  of  C^m  closely,  except  for  runs  number  1  and 
number  6,  for  which  the  discrepancy  is  a  little  high. 

The  influence  of  the  Reynolds  number  on  the  distribution 
of  Cf  does  not  indicate  any  definite  pattern.  A  con¬ 
clusive  statement  on  the  Reynolds  number  effect,  therefore 
cannot  be  made.  For  rough  wall  flow  (run  number  6) , 
the  value  of  can  be  seen  to  be  larger  than  for  smooth 

wall  flow,  in  the  range  x/h  CDo  <_  120.  Since  only  one 
case  of  roughness  was  tested,  it  would  be  premature  to 
draw  a  definite  conclusion  regarding  the  effect  of  rough¬ 
ness  on  .  However,  it  would  seem  logical  that  there 
would  be  a  higher  value  of  for  rough  flow  than  for 

smooth  flow.  This  can  also  be  explained  from  equation 
(4.16),  which  can  be  written  in  its  general  form  as: 


Cfm  =  r-V  a  (x/h  CDo>  • 

7pulm 


ness , 


Since  u^m  was  found  to  be  independent  of  wall  rough 
and  tq  has  a  higher  value  for  rough  wall  flow  than 


' 

3^ 


for  smooth  wall  flow,  will  be  higher  for  the  rough 

wall  case. 

It  can  be  concluded  from  the  plot  of  C,.  versus 

tm 

(x/h  CDq) r  that  Cfm  is  proportional  to  (x/h  CDq) •  A 
relationship  of  this  nature  can  be  obtained  by  considering 
the  velocity  profiles  of  the  inner  and  outer  regions  at 
their  point  of  intersection,  (y  =  6^) .  The  wake  profile 
at  y  =  6w,  (u  =  uw) ,  can  be  written  as: 


(1-0.293  {^} 


3/2 


2 


and  the  wall  profile,  from  the  l/5th  power  profile  (equa¬ 
tion  4.9),  can  be  written  as: 


u  6  .  ,c 

w  ,  wx 1/5 

—  a  (r— ) 
u*  b 


The  experimental  plots  of  velocity  profile  indi¬ 
cate  that  (6^/b)  is  independent  of  x,  or  in  general  we 
can  say  that: 

lr  =  A(Re'  b/ks>' 

where  A  is  a  constant  which  is  dependent  upon  the  Reynolds 
number  Re,  and  roughness  characteristic  of  the  wall  b/k^. 


*  '  *  a  ■  M I 

■ 


Equating  the  two  profiles  at  y  = 


6  ,  we  obtain: 
w 


U 

u*  _  ,  /T,  __ v  o 


a  A..  (R  ,  y/k  ) . 
un  1  e'  s'  u 

im 


lm 


If  we  substitute  for  =  (2u./u.  J2 ,  and 

fm  *'  lm  ' 


a  (x/h.CDQ)  we  obtain: 


Cfm  «  W  <h§~> 

Do 


The  above  expression  is  the  same  as  equation  (4.16) 
if  we  recognize  that: 

Aj.tRg,  y/ks)  =  2.1  X  10-3. 

It  is  to  be  noted,  however,  that  will  depend 
on  (y/k  ) ,  and  possibly  on  R  ,  and  its  experimentally 

S  6 

-3 

obtained  value  of  2.1x10  gives  only  its  order  of  mag¬ 
nitude  . 

Explanation  of  the  behavior  of  tq  will  be  facili- 

1  2 

tated  by  making  a  plot  of  t  /  ypU0(=C^)  versus  (x/h.CDQ). 


•  Vf- 


' 


If  we  divide  both  sides  of  equation  (4.16)  by 

„2 

Uq,  we  get: 


t\=  2-lxl0~3<h^>-'lria  >2 

2pUo  Do  o 


Ulm  2 

If  we  substitute  for  (- — )  ,  from  equation  (4.15), 

o 


which  is: 


u 


U 


—  =  1.3(x/hCDo)  1/2 , 


we  obtain: 


Cf  12 

^Uo 


0  s  3.55  x  10  3 


(4.17) 


Thus,  we  find  that  the  coefficient  of  skin  friction, 
Cf,  becomes  independent  of  x/h.CDQ,  and  remains  constant 
in  the  down-stream  direction. 

A  plot  of  Cf  versus  x/hCDo  is  shown  in  Figure  (4.11). 
It  may  be  seen  that  in  the  "far-wake  region",  (x/hCDo^30 ) , 
the  coefficient  of  skin  friction  attains  constancy  for  all 
six  runs.  The  value  of  Cf  for  runs  2,  3,  4  and  5  is  very 
nearly  equal  to  0.0035,  as  was  computed  in  equation  (4.17). 
For  runs  number  1  and  number  6,  the  value  of  Cf  is  ap¬ 


proximately  equal  to  0.0042.  This  constancy  of  the 
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FIGURE  4.11  COEFFICIENT  OF  SKIN  FRICTION  ALONG  THE 
CENTER  PLANE 


coefficient  of  skin  friction,  for  the  wall-wake  on  a 
smooth  boundary,  is  a  significant  departure  from  the 
case  of  a  fully-developed  turbulent  boundary  layer  on 
a  smooth  wall.  In  the  latter  case,  the  coefficient  of 
skin  friction  decreases  in  the  longitudinal  direction. 

To  check  the  above  observation,  the  coefficients 
of  skin  friction  were  also  computed  by  the  Squire  and 
Young  (Schlichting ,  1968)  formula,  given  by: 


C 


f 


0.0576 

(log{ 4 . O75R0 } ) 2 


(4.18) 


and  the  Ludwig  and  Tillman  (1950)  formula: 


C 


f 


0.246 

1Q0 . 67 8H  R0 . 2 68 


(4.19) 


where  9  is  the  momentum  thickness,  defined  earlier, 
H  =  6*/0  is  the  shape  parameter,  and 


R 


9 


U  9 
o 

V 


In  both  the  equations,  measured  values  of  9  and  H 
are  used  to  compute  C^.  The  computed  values  of  from 
both  these  equations  are  plotted  in  the  same  figure. 


(Figure  4.11).  It  is  seen  that  the  coefficients  of  skin 
friction,  as  computed  from  the  Squire  and  Young  and  the 
Ludwig  and  Tillman  formulae,  show  generally  the  same  be¬ 
havior  as  the  measured  values  of  C^,  except  that  their 
magnitudes  are  considerably  less  than  the  measured 
values.  This  indicates  that  the  coefficients  0.0576  and 
0.246,  in  equations  (4.18)  and  (4.19)  respectively,  are 
less  than  the  ones  obtained  experimentally.  One  reason 
for  this  might  be  that  the  nature  of  the  "inner  region" 
of  a  turbulent  wall-wake  is  disturbed  by  the  presence  of 
the  obstacle  at  the  leading  edge  of  the  plate.  Such  a 
disturbance  could  cause  a  modification  in  the  coefficients 
in  equations  (4.18)  and  (4.19).  Error  in  the  Preston 
tube  measurements  may  also  be  a  factor. 

From  the  plot  in  Figure  4.11,  it  was  found  that 
if  the  coefficients  in  equations  (4.18)  and  (4.19)  are 
increased  to  0.092  and  0.393  respectively,  then  the 
measured  and  the  computed  values  of  fall  on  a  single 
mean  curve.  However,  a  large  discrepancy  between  the 
experimental  data  and  that  computed  by  the  Squire  and 
Young  formula,  can  be  observed  in  the  near-wake  region 
(x/hCDo<30) .  This  is  because  the  Squire  and  Young  formula 
is  valid  only  for  a  fully-developed  turbulent  boundary 
layer,  while  in  the  case  of  a  wall-wake,  the  skin  friction 
is  zero  at  the  point  of  reattachment,  and  increases  as  we 


* 


' 
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move  downstream  from  this  point.  It  is  only  beyond  a 
certain  distance  downstream  from  the  point  of  reattach¬ 
ment  that  the  skin  friction  attains  the  value  associated 
with  fully-developed  flow.  The  Ludwig  and  Tillman  equa¬ 
tion,  on  the  other  hand,  can  be  seen  to  show  the  same 
trend  as  the  experimental  data.  Thus,  an  appropriate 
equation  for  the  coefficient  of  skin  friction  could  be 
of  the  form: 


C 


f 


0.393 

1Q0. 678Hr0.268 


(4.20) 


There  was  no  other  experimental  data  found  to 
confirm  the  validity  of  the  above  equation.  It  should  be 
noted  that  the  above  equation  is  the  same  as  the  Ludwig 
and  Tillman  equation  (equation  4.19),  excepting  that  the 
coefficient  0.246  in  equation  (4.19)  is  replaced  by  0.393. 

4.2.8  VARIATION  OF  WAKE  DISPLACEMENT  THICKNESS,  6 

'  w 

An  expression  for  the  wake  displacement  thickness, 
6^,  can  be  obtained  by  equating  the  velocity,  u^,  obtained 
from  the  wake  profile  with  that  obtained  from  the  inner 
profile,  at  y  =  6  . 

From  wake  profile  we  have: 

U  ~U  6rl  -3/0  0 

-2 — -  =  (l-0.293{r^-}3/2)  2 
u.,  b 


(4.21) , 
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and  from  the  inner  profile,  (equation  4*10) 


u  6  ,  /c 

=  28  (i^)175 

u*  vb 


(4.22) 


Substituting  equation  (4.22)  into  equation  (4.21)  we  get: 


U  6  1/5  6  3/2  0 

_2_  -  28(^1  S*_  =  (1-0. 293  (g^)  )2 


lm 


lm 


An  approximate  solution  for  (6^/b)  can  be  obtained 
from  the  above  equation,  if  we  assume  that  6^  <<  b,  so 
that  the  right  hand  side  of  the  equation  is  approximately 
equal  to  1. 


6  1/5  U  “U_ 

Thus:  2  8  (~)  ^  - iSl 

b  u* 


6  1/5  U  u, 

o  o  /  ^  \  o  / 1  lm v 

or  28  (b->  “  u7  (1"  — 1 '• 


In  the  far-wake  region  we  can  assume  u^m  <<  UQ,  and  hence 


6  1/5  U  ~  i/o 

28  (r-— )  =  =  (£-)1/2 

b  u*  Cf 


1 


-3 

If  we  substitute  for  =  3.55x10  ,  from  equation  (4.17) 

and  simplify,  we  obtain:. 

6 

=  0.44  (4.23) 

Thus  in  the  far-wake  region,  the  ratio,  (6^/b) ,  becomes 
independent  of  x. 

Variation  of  6^  in  the  longitudinal  direction  can 
be  derived  by  substituting  equation  (4.14)  for  b.  We 
thus  obtain: 


hC 


=  0.2  ( 


x 


1/2 


Do 


hC 


(4.24) 


Do 


Thus  the  point  at  which  the  inner  and  outer 

regions  of  the  wall-wake  (with  zero  pressure  gradient) 

1/2 

meet,  increases  longitudinally  as  x  It  was  not  pos¬ 

sible  to  verify  experimentally  equation  (4.24),  because 
of  the  difficulty  of  determining  6^  from  the  velocity 
profiles.  An  examination  of  the  velocity  profiles 
plotted  in  Figures  4.3 (a,  b) ,  however,  confirms  the 
validity  of  equation  (4.23). 
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4.2.9  GROWTH  OF  BOUNDARY  LAYER  PARAMETERS 

Boundary  layer  parameters,  as  defined  by: 


displacement  thickness,  6* 


,00 

(i  -  Jr-)  dy* 

0  o 


momentum  thickness. 


0 


u 

oUo 


(1 


--)  dY  /  and 
uo 


shape  parameter. 


H  = 


§1 

0  ' 


are  plotted  in  Figure  4.12  for  runs  numbers  2,  4  and  6. 

These  parameters  have  been  computed  by  integrating  the 

measured  velocity  profiles.  For  a  turbulent  boundary 

layer  on  a  smooth  flat  plate,  at  zero  pressure  gradient, 

th 

assuming  a  1/7 ^  power  law  for  the  velocity  profile,  i.e. 

2-  =  (y/6) 1/7  (4.25) , 

o 


where  6  is  the  boundary  layer  thickness,  we  can  easily 
derive  expressions  for  these  parameters.  They  are  of  the 
following  form: 


<5  * 

x 


TT  “1/5 
U  x  ' 

0.0462  (-^-) 

v 


(4.26)  , 


l 

x 


TT  “1/5 
U  x  ' 

0.036 


(4.27)  , 
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and  H  =  —■  =  1.285  (4.28) . 

y 

Equations  (4.26),  (4.27)  and  (4.28)  are  plotted 
in  Figure  (4.12)  along  with  the  experimental  data.  It 
can  be  observed  that  the  measured  values  of  6*  and  0, 
for  the  wall-wake,  are  much  higher  than  the  corresponding 
values  for  the  turbulent  boundary  layer,  on  a  smooth 
plate.  This  is  obvious  because  the  momentum  loss  and  the 
displacement  effect  are  much  higher  in  the  case  of  a  wall- 
wake,  due  to  the  presence  of  the  obstacle  at  the  leading 
edge.  For  run  number  6  (rough  wall) ,  the  values  of  6* 
and  0  are  even  higher  than  for  runs  numbers  2  and  4.  This 
is  because  the  roughness  of  the  wall  creates  a  further 
increase  in  the  momentum  and  displacement  thicknesses. 

This  fact  is  well  established  for  the  case  of  turbulent 
boundary  layers  on  rough  walls.  (Liu,  et  al,  1966.) 

In  the  plot  of  shape  parameter,  H,  we  see  that  the 
experimental  data  attain  the  value  of  1.285  (for  tur¬ 
bulent  flow)  in  the  far-wake  region. 

4.3  EXPERIMENTAL  RESULTS  FOR  WALL-WAKES 

WITH  ADVERSE  PRESSURE  GRADIENTS 

Three  cases  (runs  numbers  7,  8  and  9)  of  wall-wakes 
with  adverse  pressure  gradients  were  investigated  for  the 
present  study.  They  are  classified  as  APG-I,  APG-II  and 


'  1  n 


1  ; 
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APG-III,  in  Series  II  of  Table  IV-1.  APG-I  was  the 
weakest  pressure  gradient,  and  APG-III,  the  strongest. 

The  pressure  gradient  flow  was  created  by  attaching 
a  false  roof  to  the  entire  length  of  the  test-section  in 
the  wind  tunnel.  The  plate  was  fixed  on  the  downstream 
end  of  the  test-section,  and  at  the  upstream  end  it  was 
adjustable  to  any  desired  height  (Figure  3.3).  For  APG-I, 
the  opening  at  the  upstream  end  was  10.75  inches,  and  for 
APG-III,  it  was  4  inches.  Further  details  are  shown  in 
Figure  (3.3).  The  entrance  section  for  the  three  runs 
was  not  the  same,  consequently  the  entrance  velocity,  Uq, 
was  different  for  each  run.  The  maximum  value  of  U  was 


o 


145  feet  per  second,  for  APG-III, 
per  second,  for  APG-I.  For  APG-II 
121  feet  per  second. 


and  the  minimum,  107  feet 

,  the  value  of  U  was 

o 


4.3.1  FREE  STREAM  VELOCITY  DISTRIBUTION 

The  free  stream  velocity  distributions  for  the  three 
runs  are  plotted  in  Figure  (4.13).  The  solid  lines  fitted 
empirically  to  the  experimental  data  were  found  to  be  des¬ 
cribed  by  the  following  equations: 

APG-I  :  jj-  =  (x  +  0 . 2) _0 ' 115  (4.29) 

o 

APG-II  :  ~  =  1.02  (x  +  0.2)"°*215  (4.30) 

o 

~  =  1.015  (x  +  0.9) 
o 


APG-III  : 


(4.31) 


' 


i 
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FIGURE  4.13  FREE  STREAM  VELOCITY  DISTRIBUTION  FOR  RUNS 


These  equations  indicate  that  for  all  practical 
cases  the  external  pressure  gradient  can  always  be  ex¬ 


pressed  by  an  exponential  equation  of  the  form, 
(Wygnanski  and  Fiedler,  1968) : 


U 

U 


+ 


o 


These  equations  satisfy  the  criteria  necessary  for 
self  similar  flows  with  pressure  gradients,  viz.: 


U  a  (x  +  x  )™ 
o 


The  values  of  the  exponent  m,  for  the  three  runs, 
are  therefore  equal  to  -0.115,  -0.215  and  -0.31,  res¬ 
pectively. 

4.3.2  MEAN  VELOCITY  DISTRIBUTION  FOR  WALL-WAKES 
WITH  ADVERSE  PRESSURE  GRADIENTS 

The  mean  velocity  profiles  for  runs  number  7  and  8 
are  plotted  in  Figures  (4.14  a,b) .  The  velocity  profile 
data  for  run  number  9  is  tabulated  in  Appendix  A. 

In  order  to  verify  the  wake-like  character  of  the 
velocity  profiles  in  the  outer-region,  non-dimensional 
plots  of  (U-u)/u^m  versus  y/b  have  been  shown  in  Figures 
(4.15).  It  can  be  noticed  that  the  velocity  profiles 
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FIGURE  4.14-a  VELOCITY  PROFILES  FOR  RUN  NUMBER 
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FIGURE  4.14-b  VELOCITY  PROFILES  FOR  RUN  NUMBER 


for  all  three  runs  agree  well  with  the  plane  wake  profile: 


TT  3/2  . 

^  =  (1-0 . 29  3  {jjj}  )2 
lm 

in  the  far-wake  region,  (x/h  >_  50)  . 

The  scatter  of  data  near  the  wall  once  again  makes 
it  difficult  to  locate  exactly  the  level  at  which  the 
velocity  profile  starts  shifting  from  the  wake  profile 
to  the  boundary  layer  profile.  An  approximate  value  of 
the  point  of  deviation  seems  to  be  somewhere  around 
y/b  =  0.50  or  below  for  the  three  runs. 

4.3.3  VELOCITY  DISTRIBUTION  IN  THE  INNER- REGION 

OF  WALL-WAKES  WITH  ADVERSE  PRESSURE  GRADIENTS 

In  the  inner-region  of  the  wall-wakes  with  adverse 
pressure  gradients,  velocity  profiles  were  again  tested 
for  the  "law  of  the  wall".  Figure  (4.16)  indicates  that 
the  logrithmic  law  holds  for  all  three  pressure  gradient 
runs.  The  scatter  of  the  data  is  not  much  greater  than 
normally  expected  in  this  type  of  plot.  The  best-fit-line 
for  APG-I  was  found  to  be  of  the  form: 

—  =  5.6  log^-  +7.4 
u*  v 


(4.32)  , 


0  0  0  0.2  0.4  0.6  0.8  1.0 


(U0-u) 


FIGURE  4.15  VELOCITY  DISTRIBUTION  IN  THE  OUTER-REGION 
FOR  RUNS  7,8  AND  9 
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FIGURE  4.16  VELOCITY  DISTRIBUTION  IN  THE  INNER-REGION 
FOR  RUNS  7,8  AND  9 


and  for  APG-II  and  APG-III,  it  was  of  the  form: 


—  -  5.6  log^^  +  6.6  (4.33) 

u*  y  v 

These  plots  confirm  the  validity  of  the  two-layer 
hypothesis  for  wall-wakes  with  adverse  pressure  gradients. 
At  very  strong  adverse  pressure  gradients,  however,  the 
logrithmic  profiles  may  not  hold  near  the  wall.  For  such 
flows  the  boundary  layer  might  separate,  while  the  wake 
profile  in  the  outer  region  may  still  hold. 

Velocity  profiles  in  the  inner  region  are  again 
plotted,  in  terms  of  (u/u*)  versus  (y/b) ,  in  Figure  (4.17) 
It  can  be  seen  that  a  logrithmic  relationship  of  the  form: 

—  =  5.6  log£  +  B  (4.34) 

u*  b  1 

holds  for  all  three  runs.  For  zero  pressure  gradient 
flows  the  relationship  was  in  the  form  of  a  power  law, 
(Figure  4.5).  In  equation  (4.34),  was  found  to  be 
26.0  for  the  best-fit-lines  for  APG-I  and  APG-II,  and 
26.5  for  APG-III. 

If  we  compare  equation  (4.34),  (assuming  B^  =  26.0) 
with  equation  (4.33),  we  obtain: 


' 


’ 
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FIGURE  4.17  VELOCITY  DISTRIBUTION  IN  THE  INNER-REGION 
FOR  RUNS  7 , 8  AND  9 
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5.6  log^p  =19.4 


or 


bu*  _  . 46 


(4.35) . 


v 


In  equation  (4.35),  the  factor  v/u*  can  be  con¬ 


sidered  as  the  length  scale  for  the  wall-region.  Thus 
we  can  see  that  the  ratio  of  the  length  scale  for  the 
outer  region,  b  ,  to  the  length  scale  for  the  wall  region, 
(v/u*) ,  remains  constant  for  wall-wakes  with  adverse  pres¬ 
sure  gradients.  Equation  (4.35)  has  been  used  in  de¬ 
termining  the  expression  for  the  local  coefficient  of  skin 


friction,  Cf  (=  t  /  • 


4.3.4  DISTRIBUTION  OF  BOUNDARY  SHEAR  STRESS 

An  expression  for  the  coefficient  of  skin  friction 
can  be  obtained  if  we  divide  both  sides  of  equation  (4.35) 
by  the  factor  (Ub/v  =  R^) .  We  obtain: 


u*  _  10 
U 


3.46 


*b 


or 


% 


(4.36) 


where  =  2  (jj^)  ^  ^  0  ^  . 

2pU 


. 

* 


Squaring  equation  (4.36),  and  simplifying,  we 


obtain : 


16 . 6xl06 

f  R2 

% 


(4.37) 


In  the  above  equation,  the  Reynolds  number, 

Ub 

v 


If  we  substitute  for  Ua(x+xQ)m,  and  ba(x+xQ), 
we  obtain: 

Cf  “  (x+xV^1’  (4-38) 

o 

The  constant  of  proportionality  in  the  above  equa¬ 
tion  will  depend  on  some  appropriate  pressure  gradient 
parameter,  (or  the  exponent  m) . 

Equation  (4.37),  for  the  skin  friction  coefficient 
Cf,  is  plotted  in  Figure  (4.18),  along  with  the  experi¬ 
ment  data  for  the  three  pressure  gradient  runs.  It  may 
be  seen  that  the  skin  frictions  for  APG-II  and  APG-III 
are  satisfactorily  represented  by  equation  (4.37).  For 
weak  pressure  gradient  flow,  (APG-I) ,  the  skin  friction 
seems  to  be  independent  of  R^,  and  is  more  or  less  con¬ 
stant  in  the  downstream  direction. 
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A  single  curve  for  the  variation  of  skin  friction 
indicates  that  equation  (4.37)  is  independent  of  any 
pressure  gradient  parameter.  It  seems  that  the  Reynolds 
number,  ,  could  be  an  important  parameter  in  defining 
certain  flow  characteristics  for  wall-wakes  with  pressure 
gradients,  especially  if  the  pressure  gradient  is  strong. 


4.3.5  VARIATION  OF  VELOCITY  SCALE 

Figure  (4.19)  shows  the  variation  of  the  non- 
dimensionalized  velocity  scale,  (u^/U)  •  i-n  the  longi¬ 
tudinal  direction.  In  the  far-wake  region,  the  ratio 

un  /U  does  attain  a  constant  value  (shown  by  the  chained 
lm 

line) ,  as  predicted  by  the  theory.  However,  there  is  a 
discrepancy  between  the  (u^m/U)  value  predicted  by 
equation  (2.64): 


1.42 


,3m+l^ 

2m+l 


(2.64) , 


and  the  one  experimentally  observed.  The  ratios  of 
(u^/U) ,  experimentally  obtained  in  the  far-wake  region 
for  the  three  runs,  and  the  ones  predicted  by  equation 
(2.64),  are  tabulated  as  follows: 
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FIGURE  4.19  VARIATION  OF  VELOCITY  SCALE  FOR  RUNS 


TABLE  IV- 2  COMPARISON  OF  THEORETICAL 

AND  EXPERIMENTAL  VALUES 

of  (ulm/U) 


Run  No. 

APG 

m 

(ulm/U) 

(Experiment) 

(uln/U) 

(Eq.2.64) 

7 

I 

-0.115 

0.110 

1.070 

8 

II 

-0.215 

0.350 

0.835 

9 

III 

-0.310 

0.285 

0.261 

It  can  be  observed  that  the  discrepancy  between 
the  two  values  of  (u-^/U)  is  greater  for  weak  pressure 
gradient  flows  (where  the  exponent  -m  is  small) ,  than 
for  strong  pressure  gradient  flows.  For  APG-I,  equation 
(2.64)  predicts  a  value  of  (ulm/U)>l,  which  is  obvious 
because  equation  (2.64)  gives  the  limiting  values  of  m  as 
-0.185  and  -1/3,  for  self-preserving  flows,  whereas  the 
exponent  m  for  APG-I  is  -0.115,  which  is  beyond  the  limits 
of  self-preserving  flow.  However,  a  constant  ratio  of 
(u^m/U)  for  APG-I,  in  the  far-wake  region,  and  the  simi¬ 
larity  of  the  velocity  profiles  (Figure  4.15,  4.16), 
indicate  that  the  flow  was  self  preserving  for  APG-I. 

For  APG-II,  the  discrepancy  between  the  two  values 

of  (u,  /U)  is  still  too  large  to  be  considered  as  ex- 
lm 

perimental  error.  A  possible  reason  for  the  discrepancy 
could  be  an  error  in  the  coefficient  1.42,  in  equation 


V 

> 
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(2.64).  This  coefficient  was  obtained  as  the  ratio 
(F^/^) ,  in  equation  (2.63).  The  numerical  values  of 
parameters  F^  and  F£  were  evaluated  by  considering  a 
plane-wake  profile,  (equation  2.41).  For  a  wall-wake, 
the  values  of  F^  and  F^  will  be  different  than  the  ones 
given  by  the  plane-wake  profile,  because  of  the  change  in 
velocity  profile  near  the  wall. 

For  APG-III,  the  discrepancy  between  the  two  values 
of  u^/U  is  the  smallest.  In  fact,  we  can  say,  in  this 
case,  that  equation  (2.64)  agrees  fairly  well  with  the 
experimental  data. 

The  above  observations,  from  Figure  (4.19),  reveal 
that  the  plane-wake  analysis  of  the  outer-layer  of  a  tur¬ 
bulent  wall-wake  predicts  values  for  u-^/U  which  cor¬ 
respond  reasonably  well  with  the  experimentally  obtained 
values,  for  moderately  strong  adverse  pressure  gradient 
flows.  For  weak  adverse  pressure  gradient  flows  the  pre¬ 
dictions  are  far  from  the  experimental  observation.  A 
possible  reason  for  this  could  be  the  negligence  of  the 
coefficient  of  skin  friction  in  the  momentum  integral 
equation  (2.61).  If  we  write  the  momentum  integral  equa¬ 
tion  (equation  2.61)  in  its  complete  form,  it  is: 


i-  (u,  U  b  Fn)  -  (u?  b  F0)  +  ~  u.  b  F  =  - 

dx  lm  1  dx  lm  2  dx  lm  1  p 
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If  we  apply  the  conditions  described  by  equation  (2.59), 
and  simplify,  we  obtain: 


B.  B^B-j  F ..  (3m+l)  (x+x  )  2m 

±  2  o  ±  o 


B. B~F0  (2m+l)  (x+x  ) 2m 
12  2  o 


Q  0  0  in 

Dividing  throughout  by  U  (=  B^  (x+x  )  ) 

O 


we  get: 


B1(B2/B3}  F1  (3m+1>  “  Bi(B2/B3)2  F2  {2m+1) 


(4.39) . 


Substituting  for  B^/B^  =  u^m/U,  we  obtain: 


( { 3m+l }  F1 


{2m+l} 


u 


lm 


U 


F2) 


(4.40) . 


It  is  to  be  noted  that  equation  (4.40)  will  take 
the  same  form  as  equation  (2.63),  if  we  assume  that  =  0. 
In  terms  of  exponent  m,  the  above  equation  can  be  written 
as : 


(Cf/2B1(ulm/U) }  + 


(uln/U) 


-  F. 


3Fl-2  (uln/U) 


m 


(4.41) . 


■> 


An  examination  of  the  foregoing  expression  reveals 


that  as  (ulm/U)-*0,  the  numerator  of  equation  (4.41)  tends 
to  infinity,  and  hence  m-*00.  This  is  in  contrast  to  the 
situation  for  a  plane-wake  case,  in  which  m  =  -1/3  at 
(ulm/U)  =  Equation  (4.41)  is  plotted  in  Figure  (4.20), 

for  different  values  of  C^,  assuming  Abramovich's  expres¬ 
sion  for  (=db/dx)  ,  given  by  equation  (2.65)  : 


,,  u..  /U 

B  =  =  0.175  — — 

1  dx  .  1 , 

1_7(ulm 


/U) 


The  values  of  F^  (=1.02)  and  (=0.717)  were  assumed  to 

be  the  same  as  for  a  plane  wake. 

Figure  (4.20)  shows  that  for  each  value  of  m,  we 

obtain  two  values  of  (u,  /U) ;  one  is  small  and  the  other 

lm 

is  large.  It  seems  that  for  a  wall-wake,  the  smaller 
value  of  (u-^/U)  gives  the  right  solution  at  weak  pressure 
gradients.  It  may  also  be  noticed  that  the  discrepancy 
between  the  wall-wake  equation  (equation  4.41),  and  the 
plane-wake  equation  (equation  2.64),  is  not  large  on 
the  right  hand  side  of  Figure  (4.20).  Either  of  the  two 
equations  may  be  used  for  the  determination  of  (u-^/U) • 
for  strong  adverse  pressure  gradient  flows. 

To  determine  (u^/U)  from  Figure  (4.20),  we  must 
know  the  skin  friction,  C^.  For  adverse  pressure  gradient 


. 


u 


FIGURE  4.20  THEORETICAL  VARIATION  OF  EXPONENT  m  FOR 
WALL-WAKE  WITH  ADVERSE  PRESSURE  GRADIENT  FLOWS 
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flows,  the  coefficient  of  skin  friction  usually  decreases 
in  the  downstream  direction.  This  has  been  observed  in 
Figure  (4.18)  for  two  strong  pressure  gradient  flows. 

The  same  plot  also  indicates  that  is  more  or  less  con¬ 
stant  for  APG-I .  More  measurements  on  weak  adverse 
pressure  gradient  flows  are  necessary  before  a  definite 
statement  can  be  made  on  whether  the  skin  friction  remains 
constant  for  wall-wake  flows.  For  the  present  case,  the 

_3 

value  of  Cf  for  APG-I  may  be  taken  as  2.5x10  .  For  this 
value  of  C^,  and  with  m  =  -0.115,  we  obtain  (u^  /U)  =  0.12. 
This  value  is  in  excellent  agreement  with  the  experimental 
value  of  0.11. 

The  large  discrepancy  between  the  experimental  and 
the  predicted  values  for  u^/U,  (Table  IV-2) ,  for  APG-II, 
still  cannot  be  explained.  Figure  (4.20)  does  not  help 
much  in  predicting  the  value  of  u^/U,  because  of  the 
fact  that  the  skin  friction  is  not  constant.  Figure  (4.20), 
(equation  4.41),  would  be  of  great  help  if  it  were  pos¬ 
sible  to  obtain  an  expression  for  C^,  in  terms  of  the 
exponent  m  (or  some  other  suitable  pressure  gradient  para¬ 
meter)  .  For  this,  however,  more  measurements  are  neces¬ 
sary  in  a  varied  range  of  adverse  pressure  gradient  flows. 

An  important  revelation  obtained  from  equation  (4.41)  is 
that  the  backflow  predicted  by  the  plane-wake  equation  for 
-m<0.185,  does  not  hold  for  the  case  of  the  wall-wake.  On 


i’ 


the  contrary,  the  ratio  (u^m/U)  f°r  the  wall-wake  reduces 
considerably  for  weak  adverse  pressure  gradient  flows. 

A. 3. 6  VARIATION  OF  LENGTH  SCALE 

Figure  (4.21)  shows  the  variation  of  length  scale, 
b,  in  the  longitudinal  direction.  A  linear  variation  of 
the  length  scale  with  x  in  the  far-wake  region,  can  be 
observed  for  all  three  pressure  gradient  flows.  Such  a 
variation  in  the  length  scale  was  predicted  by  theory 
for  self-preserving  wake  flows  with  pressure  gradient. 

The  slopes,  db/dx  (=B^) ,  for  the  three  runs  were  de¬ 
termined,  and  a  comparison  with  those  obtained  by 
Abramovich's  equations  (equations  2.65,  2.66),  and  by 
Gartshore's  equation  (equation  2.74),  is  shown  in  the 
following  table. 


TABLE  IV- 3:  COMPARISON  OF  THEORETICAL  AND 

EXPERIMENTAL  VALUES  OF  b 


Run 

No. 

APG 

m 

Bi 

(eq. 2.65) 

Bi 

(eq. 2.66) 

Bi 

(eq. 2 . 74) 

Bi 

(expt. ) 

7 

I 

-0.115 

0.0186 

0.500 

0.0140 

0.0045 

8 

II 

-0.215 

0.0690 

0.230 

0.0127 

0.0135 

9 

III 

-0.310 

0.0530 

0.035 

0.0116 

0.0130 

’ 
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FIGURE  4.21  VARIATION  OF  LENGTH  SCALE  FOR  RUNS 
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It  may  be  seen  that  the  coefficient  B,  obtained 
from  Gartshore's  equation,  (2.74),  gives  the  most  satis¬ 
factory  result  for  APG-II  and  APG-III.  For  APG-I,  the 
discrepancy  is  very  large.  In  using  Abramovich's  equa¬ 
tion,  (2.65),  measured  values  of  (u^/U)  were  used, 
whereas  theoretical  values  of  (u^  /U) >  given  by  equation 
2.64,  were  used  in  equation  (2.66).  Both  these  equa¬ 
tions,  (2.65  and  2.66),  can  be  seen  to  predict  much  higher 
values  of  B^  than  the  ones  experimentally  obtained.  It 
is  to  be  noted  that  the  coefficient  0.163,  in  equation 
(2.65),  was  obtained  by  assuming  the  boundary  condition 
for  zero  pressure  gradient  flow  in  the  polynomial  for 
db/dx.  It  is  therefore  not  illogical  that  there  would 
be  error  in  the  estimate  of  B^  with  the  use  of  this 
equation. 

4.3.7  VARIATION  OF  WAKE-DISPLACEMENT  THICKNESS,  6 

 w 

An  expression  for  wake-displacement  thickness,  6w, 
can  be  obtained  by  equating  the  wake  profile: 

TT  3/2  o 

— -  =  (1-0.293  {£}  )  (4.42), 

un  b 

lm 

and  the  wall  profile,  (equation  4.34): 

—  =  5.6  logj  +  26 
u*  yb 


(4.34)  , 
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at  y  =  6  ;  u  =  u  ,  which  gives 
J  w  w'  ^ 


6  3/2 

(1-0.293  = 

b  u 


ti  u  6 

- - (5.6  logr— —  +  26) 

1m  Ulm  b 


(4.43) . 


Equation  (4.43)  is  too  complicated  to  solve  for  6  .  An 

approximate  solution  for  6^  can  be  obtained  if  we  assume 

that  the  shear  stress  at  y  =  i  ,  as  derived  from  the  two 

w 

profiles,  is  equal.  Thus  the  slopes,  3u/8y  at  y  =  6  , 

w 

must  be  equal  for  the  two  profiles. 

Differentiating  equations  (4.42)  and  (4.34),  with 
respect  to  y,  and  equating  (3u/3y)  at  y  =  6  ,  we  obtain: 
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or, 


u* 


u 


=  0.36 


lm 


6  o/o  5  - 

(b^)3/2  ‘  °*  293  (b~}  3 


(4.44) 


If  (6  /b)<l,  so  that  the  second  term  on  the  right 
w 

hand  side  is  small  enough  to  neglect,  in  comparison  to  the 
first  tern,  we  can  write: 
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Equation  (4.45)  indicates  that  the  factor  (6^b) 


will  vary  with  the  ratio  (u*/u,  ) .  It  is  to  be  noted  that 


both  the  shear  velocity  u*  and  the  velocity  defect 
depend  on  the  pressure  gradient  in  the  same  manner.  In 
adverse  pressure  gradient  flows  both  velocities  decrease 
in  the  downstream  direction. 

If  we  substitute  for  u*,  from  equation  (4.35),  into 
equation  (4.45)  and  simplify,  we  obtain: 


* 


0. 8xl04 


(4.46) 


In  the  above  equation  the  factor  (bu^m/v)  is  propor¬ 


tional  to  the  Reynolds  number  R^(=Ub/v)  because  u^m  is  pro¬ 
portional  to  U.  If  we  consider  the  fact  that 


b  a  (x+x  ) 


o 


and  u,  a  (x+x  )m 
lm  o 


then  from  the  above  equation  we  obtain: 


6 

r~  a  (x+x  ) 
b  o 


-2 ( m+ 1 ) / 3 


(4.47) 
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This  expression  indicates  that  6  will  decrease 
r  w 

as  we  move  in  the  downstream  direction  from  the  obstacle. 
This  means  that  the  outer  region  will  grow,  and  the  inner 
region  will  diminish,  in  the  down-stream  direction.  The 
constant  of  proportionality  in  the  above  equation  will 
depend  on  the  pressure  gradient.  Experimental  verifica¬ 
tion  of  equations  (4.47)  and  (4.46)  was  not  possible, 
because  of  the  scatter  of  the  data  for  the  two  velocity 
profile  plots  in  Figures  (4.15  and  4.17). 

4.3.8  VARIATION  OF  BOUNDARY  LAYER  PARAMETERS 

Boundary  layer  displacement  thickness,  6*,  momentum 
thickness,  0,  and  the  shape  parameter,  H,  as  derived  from 
integration  of  the  velocity  profiles,  are  plotted  in 
Figure  (4.22).  The  boundary  layer  parameters  decrease 
at  first  and  then  steadily  increase.  The  high  values  of 
6*  and  0,  near  the  obstacle,  are  indicative  of  high  order 
of  turbulence  present  in  this  region. 

The  strong  adverse  pressure  gradient,  (APG-III) , 
has  increased  all  three  parameters,  with  the  greatest  dif¬ 
ference  being  that  for  6*. 

The  increase  in  0,  even  though  the  skin  friction 
decreased  in  going  from  APG-II  to  APG-III,  is  explained  by 
the  fact  that  d0/dx,  in  the  Karman  momentum  equation: 
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is  controlled  largely  by  the  first  term. 


CHAPTER 


V 


TURBULENCE  CHARACTERISTICS  OF  WALL-WAKE 


5.1  INTRODUCTION 

This  chapter  presents  the  experimental  analysis  of 
the  turbulence  characteristics  of  the  wall-wake.  Many 
results  of  measurements  on  turbulence  intensities  in 
boundary  layers  as  well  as  in  plane-wakes  have  been  pub¬ 
lished,  yet  no  such  results  are  available  for  wall-wakes. 
Because  of  the  lack  of  such  material,  it  becomes  a  very 
difficult  task  to  make  any  very  conclusive  statements 
about  the  structure  of  turbulence  in  a  wall-wake.  In  the 
following  pages  an  attempt  has  been  made  to  explain  the 
behaviour  of  some  of  the  turbulence  characteristics  of 
wall-wakes . 

Since  the  aim  of  the  present  study  was  to  give  a 
qualitative  analysis  of  the  turbulence  characteristics, 
only  five  experiments  were  selected  for  turbulence  mea¬ 
surement.  Three  of  these  were  from  Series  I  (runs  number 
2,  4  and  6  -  rough  surface),  and  two  from  Series  II 
(APG  II  and  APG  III) .  The  average  free  stream  velocity 
for  zero  pressure  gradient  flows  was  96.0  ft. /sec.,  and 
the  free  stream  turbulence  was  0.72  per  cent.  The  diameter 
of  the  X-probe  used  prohibited  the  taking  of  measurements 
at  distances  any  closer  to  the  wall  than  0.012  feet. 
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Since  it  was  not  possible  to  apply  all  the  corrections 
needed  for  the  hot-wire  measurements,  none  were  applied. 
The  results  presented  here,  however,  will  give  an  under¬ 
standing  of  the  development  of  turbulence  characteristics 
from  one  section  to  the  other. 

The  measured  values  of  turbulence  quantities  for 
the  five  runs  are  tabulated  in  Appendix  B. 

5.2  TURBULENCE  INTENSITIES 

Measured  values  of  the  u-component  of  turbulence 
intensity,  with  respect  to  the  free  stream  velocity  Uq, 
for  zero  pressure  gradient  flows  (runs  number  2,  4  and  6) , 
are  plotted  in  Figure  5.1.  The  nature  of  the  distribu¬ 
tion  of  the  longitudinal  component  of  turbulence  inten¬ 
sity  is  essentially  the  same  for  all  three  runs.  A  high 
level  of  turbulence  in  the  near  wake  region  (x/h  =  25,50) 
results  from  the  disturbance  to  the  flow  caused  by  the 
obstacle.  Since  the  near  wake  region  is  the  region  of 
intense  turbulence,  it  is  expected  to  have  a  much  higher 
level  of  turbulence  than  the  far-wake  region.  The  maxima 
can  be  seen  to  occur  at  about  the  half-wake  width 
(y/b  =1)  in  the  near  wake  region.  Since  the  turbulent 
boundary  layer  is  not  fully  developed  in  this  region,  the 
turbulence  intensity  gradually  decreases  as  we  move  to¬ 
wards  the  wall,  instead  of  attaining  its  maximum  value. 

At  x/h  =  100  the  curve  is  more  flattened  and  the 
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FIGURE  5.1  INTENSITY  OF  u-COMPONENT  OF  TURBULENCE  FOR 
RUNS  2,4  AND  6 
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turbulence  intensity  is  practically  constant  in  the  central 

region  of  the  flow.  The  maximum  occurs  very  near  the  wall, 

indicating  that  the  turbulence  structure  in  the  wall  region 

is  fully  established.  Similarity  in  the  profiles  is  not 

observable  in  the  outer  region  since  U  (instead  of  un  ) 

o  lm 

has  been  used  as  the  velocity  scale. 

The  only  noticeable  effect  of  the  height  and  shape 
of  the  obstacle  appears  in  the  relative  magnitude  of  tur¬ 
bulence  intensity  in  the  near  wake  region  (runs  number  2 
and  4),  whereas  the  roughness  of  the  wall,  in  run  number  6, 
causes  a  higher  level  of  turbulence  throughout  the  flow 
region.  The  maximum  intensity  of  turbulence  in  the  far- 
wake  region  of  the  rough  wall  flow  can  be  seen  to  be  ap¬ 
proximately  50%  higher  than  that  of  the  smooth  wall  flow. 

Figure  5.2  shows  plots  of  the  longitudinal  com¬ 
ponent  of  turbulence  intensity  for  two  adverse  pressure 
gradient  flows.  Application  of  adverse  pressure  gradient 
affects  the  turbulence  quantities  in  the  following  ways 
(Scottron,  1967). 

(i)  There  is  a  rapid  thickening  of  the  boundary  layer 
and  an  earlier  transition  from  laminar  to  turbulent 
flow. 

(ii)  A  reduction  in  wall  shear  stress  occurs,  producing 
a  reduction  in  the  turbulence  level  near  the  wall. 
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FIGURE  5.2  INTENSITY  OF  u-COMPONENT  OF  TURBULENCE  FOR 
RUNS  8  AND  9 


(iii)  A  general  increase  in  the  turbulence  level  of  the 
whole  region  is  noted.  This  effect  seems  to  over¬ 
ride  the  other  effects  (such  as  wall  shear  stress 
variation) . 

(iv)  There  is  a  high  level  of  turbulence  at  distances 
well  away  from  the  wall. 

The  drop  in  wall  shear  stress  which  results  from 
the  application  of  adverse  pressure  gradient  reduces  the 
turbulence  intensity  near  the  wall.  However,  the  in¬ 
fluence  of  continued  pressure  rise  and  upstream  generated 
turbulence,  serve  to  produce  a  higher  intensity  of  tur¬ 
bulence,  well  away  from  the  wall. 

A  high  level  of  turbulence  in  the  near-wake  region 
can  again  be  observed,  for  both  adverse  pressure  gradient 
flows,  in  Figure  (5.2).  For  the  weak  pressure  gradient 
flow  ( APG  II) ,  a  complete  similarity  in  profile,  from 
very  near  the  wall  up  to  y/b-1.5,  can  be  observed  for 
x/h>_100.  Beyond  this  point,  (y/b>1.5),  the  intensity  of 
turbulence  tends  to  increase  in  the  downstream  direction. 
The  intensity  of  turbulence  in  the  outer  region  thus  grows 
because  of  the  application  of  adverse  pressure  gradient. 

The  strong  adverse  pressure  gradient  flow, (APG  III), ex¬ 
hibits  essentially  the  same  features,  except  that  the  in¬ 
tensity  of  turbulence  starts  increasing  at  much  smaller 
values  of  y/b(-0.4).  It  can  be  concluded  that  the  applica¬ 
tion  of  adverse  pressure  gradient  prohibits  the  diffusive 
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FIGURE  5.3  INTENSITY  OF  v-COMPONENT  OF  TURBULENCE  FOR 
RUNS  2,4  AND  6 
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FIGURE  5.4  INTENSITY  OF  v-COMPONENT  OF  TURBULENCE  FOR 
RUNS  8  AND  9 


behaviour  of  the  wake  and,  in  fact,  increases  the  turbu¬ 
lence  level  (in  the  outer  region  of  the  flow)  in  the  down¬ 
stream  direction.  The  effect  of  the  wall  on  the  inten¬ 
sity  of  turbulence  seems  to  diminish  with  a  strong  adverse 
pressure  gradient.  A  steeper  gradient  of  profile  near 
the  wall,  and  a  generally  higher  magnitude  of  turbulence 
intensity,  can  also  be  observed  for  the  strong  adverse 
pressure  gradient  flow.  The  outward  movement  of  wall¬ 
generated  turbulence,  which  is  due  to  the  adverse  pressure 
gradient,  is  clearly  noticeable,  as  the  turbulence  inten¬ 
sities  attain  their  maximum  value  at  points  away  from  the 
wall . 

The  v  and  w  components  of  turbulence  intensity  are 
plotted  in  Figures  (5.3  to  5.6).  The  behaviour  of  the 
transverse  components  can  be  seen  to  be  essentially  the 
same  as  that  of  the  u-component,  except  that  their  mag¬ 
nitudes  are  smaller  than  that  of  the  longitudinal  com¬ 
ponent  (anisotrophy) .  The  degree  of  anisotrophy  in¬ 
creases  as  we  move  towards  the  wall,  for  all  the  cases. 

For  all  five  runs,  the  u-component  of  the  intensity  of 
turbulence  was  found  to  be  the  largest,  and  the  w-component 
the  smallest. 

In  Figures  5.7,  5.8  and  5.9  (the  latter  two  figures 
are  shown  at  the  end  of  the  chapter) ,  the  u-components  of 
turbulence  intensity,  relative  to  the  local  mean  velocity, 
u,  for  zero  pressure  gradient  flows,  are  plotted.  These 
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FIGURE  5.5  INTENSITY  OF  w-COMPONENT  OF  TURBULENCE  FOR 
RUNS  2,4  AND  6 
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FIGURE  5.6  INTENSITY  OF  w-COMPONENT  OF  TURBULENCE  FOR 
RUNS  8  AND  9 
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profiles  are  compared  with  /  u' 2/Uq  profiles  in  the  same 
plot.  The  general  trend  of  both  profiles  is  the  same  in 
the  outer  region.  Near  the  wall  the  relative  intensity 
/  u' 2/u  can  be  seen  to  increase  rapidly,  especially  in  the 
far-wake  region.  These  plots  indicate  that  the  mean 
velocity,  u,  near  the  wall,  decreases  at  a  faster  rate 
than  the  root  mean  square  value  of  the  turbulence  fluctua¬ 
tion,  /  u' 2 .  The  difference  between  the  two  profiles  seems 
to  remain  constant  in  the  downstream  direction. 

For  adverse  pressure  gradient  flows,  (Figures  5.10 
and  5.11,  shown  at  the  end  of  the  chapter),  this  dif¬ 
ference  can  be  seen  to  increase  in  the  downstream  direc¬ 
tion.  This  indicates  that,  in  the  case  of  adverse  pres¬ 
sure  gradient,  mean  velocity  near  the  wall  decreases  in 
the  downstream  direction  at  a  faster  rate  than  the  tur¬ 
bulent  fluctuations  decrease.  The  stronger  the  pressure 
gradient,  the  more  pronounced  the  effect,  as  can  be  ob¬ 
served  in  Figure  (5.11). 

The  three  components  of  relative  turbulence  inten¬ 
sity,  and  the  total  turbulence  intensity, 

T  =  ({u'2  +  v' 2  +  w' 2 }/3) 1/2/U 

in  the  far-wake  region,  are  plotted  (for  all  five  runs)  in 
Figure  (5.12),  for  the  sake  of  comparison.  The  profiles 
at  the  last  station  for  each  run  (viz.  at  x/h  =  250  for 
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FIGURE  5.7  LONGITUDINAL  COMPONENT  OF  RELATIVE  TURBULENCE 
INTENSITY  FOR  RUN  NUMBER  2 
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FIGURE  5.12  DISTRIBUTION  OF  TURBULENCE  INTENSITY  IN  THE 
FAR-WAKE  REGION  FOR  RUNS  2,4,6, 8  AND  9 


runs  4,  6  and  8  and  at  x/h  =  500  for  runs  2  and  9) ,  are 
in  fact  compared  in  this  plot. 

For  runs  2  and  4  (smooth  wall  with  zero  pressure 
gradient) ,  it  can  be  observed  that  the  three  components 
of  turbulence  intensity  for  one  run  are  very  nearly  equal 
to  the  corresponding  components  in  the  other  run.  This 
indicates  that  the  size  of  the  obstacle  does  not  influence 
the  turbulence  intensity  in  the  far-wake  region.  The  in¬ 
fluence  of  wall  roughness  and  the  adverse  pressure  gra¬ 
dients  can  be  clearly  observed  in  these  plots.  Another 
distinct  feature  is  the  similarity  of  the  profiles  of  the 
three  components  of  turbulence  intensity  in  the  far-wake 
region. 

5.3  SHEAR  STRESS  DISTRIBUTIONS  FOR 

ZERO  PRESSURE  GRADIENT  FLOWS 

The  distributions  of  turbulence  shear  stress 


Tt  u 1 v 1 


are  shown  in  Figure  (5.13),  for  smooth  wall  with  zero 
pressure  gradient  flows.  In  the  near  wake  region  the 
maximum  shear  stress  can  be  seen  to  occur  away  from  the 
wall.  For  x/h  >_  150,  the  similarity  in  profiles  can 
clearly  be  observed  with  the  maxima  occurring  very  near 
the  wall.  A  constant  shear  layer,  close  to  the  wall,  can 
also  be  noticed  in  the  far  wake  region. 
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Higher  values  of  turbulence  shear  stress  near  the 
wall,  which  occur  because  of  the  roughness  of  the  wall, 
are  distinctly  noticeable  in  Figure  (5.14).  Another 
distinct  feature  is  the  smaller  constant  shear  layer  near 
the  wall.  The  shear  stress  seems  to  decrease  rapidly  as 
we  move  away  from  the  wall.  A  possible  reason  for  the 
small  region  of  constant  shear  layer  near  the  wall  could 
be  the  presence  of  larger  magnitudes  of  normal  Reynolds 
stresses  in  this  area. 

In  Figure  (5.15) ,  turbulence  shear  stresses  in  the 
far  wake  region,  for  zero  pressure  gradient  flows,  are 
shown.  Figure  (5.15-a)  shows  the  plot  of  t/tq=-u *  v* /u* 
against  y/b.  Klebanoff's  (1954)  data  for  the  turbulent 
boundary  layer  on  a  smooth  wall  is  also  shown  for  com¬ 
parison.  His  data  was  reduced  to  the  y/b  scale,  on  the 
assumption  that  the  total  wake-width  b (-2.27b)  was  ap¬ 
proximately  equal  to  the  boundary  layer  thickness  6.  It 
can  be  seen  that  the  discrepancy  between  the  boundary 
layer  shear  stress  and  that  of  the  wall-wake  is  small  in 
the  area  close  to  the  wall.  In  the  central  and  outer 
regions  of  the  wall-wake,  however,  this  discrepancy  is 
large.  This  indicates  that  the  shear  velocity,  u*,  is 
not  the  proper  velocity  scale  for  the  outer  region. 

In  Figure  (5.15-b)  ,  the  plot  of  i/pu im=-uTvrr/u ?m 
against  y/b  is  shown.  Townsend's  (1949)  data  for  the 
plane-wake  behind  a  circular  cylinder  is  also  shown  for 
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FIGURE  5.14  DISTRIBUTION  OF  TURBULENCE  SHEAR  STRESS  FOR 
RUN  NUMBER  6  (ROUGH  WALL) 
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FIGURE  5.15  COMPARISON  OF  TURBULENCE  SHEAR  STRESS  FOR 
WALL-WAKES  AT  ZERO  PRESSURE  GRADIENT  WITH  (a)  KLEBANOFF'S 
(1954)  DATA  FOR  TURBULENT  BOUNDARY  LAYER  AT  ZERO  PRESSURE 
GRADIENT  AND  (b)  TOWNSEND'S  (1949)  DATA  FOR  WAKE  BEHIND 
A  CIRCULAR  CYLINDER 
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comparison.  The  discrepancy  between  the  wall-wake  data  and 
that  of  the  plane  wake  can  be  seen  to  be  very  small  in  the 
outer  region.  The  assumption  that  there  is  similarity 
between  the  shear  stress  distributions  in  the  outer  region 
is,  therefore,  justified. 

The  equation  (2.32), 


0.128  g  (l-0.293{^}3/2) 2 


(2.32) 


obtained  in  Chapter  II,  is  also  shown  in  the  same  figure. 
It  can  be  noticed  that  the  equation,  (2.32),  estimates  a 
slightly  higher  value  for  T/Pu^m  than  that  which  was  ex¬ 
perimentally  obtained.  This  may  be  due  to  one  or  more  of 
the  following  factors: 

(i)  The  hot-wire  measurements  for  u'v*  may  be  slightly 
erroneous , 

(ii)  There  may  be  error  in  the  computation  of  u^m,  and 

(iii)  The  coefficient  for  the  expression  of  mixing 

length  (viz.  £-  0.407b  -  Schlichting,  1930),  used 
in  deriving  equation  (2.32),  may  not  be  absolutely 
correct. 

A  modified  coefficient  for  the  mixing  length  has 
been  obtained,  using  the  experimental  data.  This  is  dis¬ 
cussed  in  the  following  pages. 

The  influence  of  the  wall  on  the  shear  stress  dis¬ 
tribution  can  readily  be  noticed  in  the  inner  region.  The 


shear  stress  across  the  wall-wake  starts  deviating  from 
that  across  the  plane-wake  profile  at  about  y/b  =  0.75. 
The  effect  of  roughness  is  not  clearly  noticeable. 


5.4  MIXING  LENGTH  FOR  WALL-WAKE 

WITH  ZERO  PRESSURE  GRADIENT  FLOWS 


According  to  Prandtl's  mixing  length  hypothesis, 
the  expression  for  turbulent  shear  stress  can  be  written 


as : 


T 


t 


pU*  V* 


du 

dy 


du 

dy 


(5.1) 


In  the  outer  region  of  wall-wake,  the  velocity 
profile  can  be  represented  by: 


U  -U  O  /O  O 
— —  =  (l-0.293{^}3/2) 2 
ulm 


Differentiating  the  above  equation  with  respect  to 
y,  and  substituting  into  equation  (5.1),  we  obtain 


u'  v' 


u 


0.79  £  (l-0.293{£}3/2) 2 

b  b  d 


(5.2) 


lm 


The  mixing  length,  A,  was  evaluated  from  the  above 
expression,  for  measured  values  of  -u*  v' /u^  ,  and  the 
average  value  for  the  three  runs  was  found  to  be 


l  =  0.38b,  for  (y/b)  >  0.7 


(5.3) 
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FIGURE  5.16  VARIATION  OF  MIXING  LENGTHS  FOR  RUNS  2,4 
AND  6 
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In  the  inner  region,  the  mixing  length  was  similarly- 
evaluated  by  assuming  the  logrithmic  velocity  profile. 

The  data  is  compared  with  the  turbulent  boundary  layer 
equation  for  the  mixing  length: 

£  =  0 . 4y  (5.4) 

The  agreement  in  the  inner  region,  <_  0.1)  ,  of 
the  wall-region,  is  seen  to  be  satisfactory  for  both  rough 
and  smooth  wall  flows.  For  y/b  >  0.1,  the  smooth  wall 
data  can  be  seen  to  depart  significantly  from  equation 
(5.4).  This  discrepancy  can  be  attributed  to  an  error  in 
the  measurements  of  both  -u* v'  and  u*. 

The  above  plot  indicates  that  the  mixing  length, 
at  any  section  in  the  wall  region,  varies  linearly  with  y 
in  the  inner  region,  and  bears  a  constant  ratio  with  the 
half  wake  width  in  the  outer  region,  thus  justifying  the 
assumption  of  the  two  layer  hypotheses. 


5.5  SHEAR  STRESS  DISTRIBUTION 

FOR  ADVERSE  PRESSURE  GRADIENT  RUNS 

The  expression  for  shear  stress  distribution  across 
the  flow  was  derived  in  Chapter  II  (equation  (2.69,  (2.75), 

in  the  form: 


T 

pu 


7 — 

lm 


0.88 

R 


e 


x1/2 


(1-0.293A3/2) 


(5.5) 
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where 


R 


u,  b 
lm 


=  0.077  (1-9.1  B. 


mf . 


-X-  m.— t- 
ulm  fl 


(5.6) 


and  e  is  the  eddy  viscosity. 

If  we  assume  that  e  varies  only  in  the  x  direction 
and  remains  constant  across  the  flow,  then  we  can  determine 
a  simple  expression  for  R£  from  the  above  equation,  by 
evaluating  the  equation  at 


A  =  1;  f  (1)  =  1/2,  f^  (1)  =  -0.622 


If  we  also  substitute  for  B1  from  equation  (2.73), 
and  for  (u^/U)  from  equation  (2.64),  and  simplify,  we 
obtain 


1 


R 

£ 


0.08 


,0 . 78-m. 
0 . 92-m 


(5.7) 


The  expression  for  shear  stress  thus  becomes: 


— -  =  0.0704  (°‘-^- -m-)  X1/2  U-0.293A3//2}  (5.8) 

2  u . yz-m 

pulm 

Equation  (5.8),  along  with  measured  values  of 
(-u*  v* /u£m)  for  the  two  adverse  pressure  gradient  flows, 
are  plotted  in  Figure  (5.17).  In  using  equation  (5.8), 
the  experimental  values  of  m  were  used.  For  APG-II, 
m  =-0.215  and  for  APG-III,  m  =  -0.310. 
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FIGURE  5.17  SHEAR  STRESS  DISTRIBUTION  FOR  RUNS 


Similarity  in  shear  stress  distribution  can  be 
noted.  However,  equation  (5.8)  can  be  seen  to  estimate 
values  which  are  higher  than  the  experimentally  obtained 
values,  by  a  factor  of  about  15%  for  APG-II  and  25%  for 
APG-III.  Gartshore ' s  (1965)  plane-wake  measurements  for 
pressure  gradient  "B"  (m  =  -0.3125,  u1  U  =  0.239),  are 
also  shown  in  the  plot.  The  agreement  between  the  two 
results  is  very  close,  the  slight  discrepancy  being  caused 
by  the  fact  that  a  higher  level  of  turbulence  was  present 
in  the  wind  tunnel  for  the  present  study. 

The  measurements  of  shear  stress  are  seen  to  differ 
from  equation  (5.8)  only  by  a  scaling  factor.  This  will 
simply  modify  the  coefficient  0.08  in  the  equation  for 

(equation  5.7).  The  main  equation  for  the  shear  stress 
(equation  2.75)  will,  as  a  matter  of  fact,  remain  un¬ 
changed.  Thus  the  assumption  of  constant  eddy  viscosity 
across  the  flow  is  basically  justified.  Wygnanski  and 
Fiedler  (1968)  suggested  that  the  expression  for  eddy 
viscosity  (equation  2.68)  should  be  corrected  for  the 
intermittency  factor  y.  A  high  value  of  e  in  the  present 
study  can  be  attributed  to  this  factor. 

Because  of  the  lack  of  measurements  of  other  tur¬ 
bulence  quantities,  it  is  not  possible  at  this  stage  to 
analyze  the  turbulent  structure  of  the  wall-wake.  Such  a 
study  is  therefore  recommended  for  future  investigation. 
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FIGURE  5.8  LONGITUDINAL  COMPONENT  OF  RELATIVE  TURBULENCE 
INTENSITY  FOR  RUN  NUMBER  4 
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FIGURE  5.9  LONGITUDINAL  COMPONENT  OF  RELATIVE  TURBULENCE 
INTENSITY  FOR  RUN  NUMBER  6 
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FIGURE  5.10  LONGITUDINAL  COMPONENT  OF  RELATIVE  TURBULENCE 
FOR  RUN  NUMBER  8 
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CHAPTER  VI 


SUMMARY  AND  CONCLUSIONS 


6.1  SUMMARY 

In  hydraulic  engineering,  wall-wakes  are  often 
encountered,  and  more  often  than  not,  they  are  three- 
dimensional  in  nature.  Therefore,  study  of  two- 
dimensional  wall-wakes  is  necessary  for  understanding 
the  complex  behaviour  of  the  three-dimensional  ones. 

This  study  is  the  first  step  in  understanding  the  mecha¬ 
nics  of  the  three-dimensional  wall-wake.  At  first, 
an  investigation  of  two-dimensional  wall-wakes  with  zero 
pressure  gradients  was  carried  out.  The  influence  of 
wall  roughness  was  examined  for  one  case.  The  study  was 
then  extended  to  wall-wakes  with  adverse  pressure  gra¬ 
dients.  The  measurement  of  a  few  of  the  turbulence 
characteristics,  for  cases  with  and  without  adverse 
pressure  gradients,  comprised  the  last  part  of  the  study. 
The  significant  conclusions  drawn  from  the  present  in¬ 
vestigation  are  given  below. 
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6.2 


ZERO  PRESSURE  GRADIENT  FLOWS 


From  a  similarity  analysis  of  the  boundary  layer 
types  of  equations,  the  decay  of  the  maximum  velocity 
defect  and  the  growth  of  the  length  scales,  in  the  far- 
wake  region,  were  given  by  the  following  expressions: 

-1/2 

u,  ax' 
lm 

,  1/2 

b  a  x  ' 

Expressions  for  u^m  and  b  were  also  derived  for  the 
near-wake  region. 

Experimental  observations  (Chapter  IV)  showed 
that  the  flow  field  of  the  wall-wake  was  divided  into 
an  inner  and  an  outer-region.  The  outer  region  was 
essentially  similar  to  that  of  a  plane-wake,  and  the 
inner  region  to  that  of  a  boundary  layer.  Different 
shapes  and  sizes  of  obstacles  showed  that  the  velocity 
profiles  in  the  outer  and  inner  regions  satisfied  simi¬ 
larity  beyond  x/h~25.  The  logrithmic  'law  of  the  wall' 
was  found  to  be  valid  in  the  inner  region.  A  power  law 
distribution  of  velocity,  as  a  function  of  half-wake- 
width,  b,  and  u*,  was  also  found  to  be  valid  in  the  inner 
region.  The  characteristic  length  scales  for  the  inner 
and  outer  layers  (b  and  v/u*)  were  found  to  be  proportions 


- 


' 

' 


1/2 

to  x  .  The  point  of  interaction  between  the  inner  and 
outer  layer  profiles  gave  the  indication  of  having  a 
constant-ratio  with  the  length  scale,  b.  A  similar 
constant  ratio  expression  was  obtained  analytically. 

Prandtl's  mixing  length  hypothesis  was  found  to 
give  good  results  for  the  shear  stress  distribution 
across  the  flow.  Similarity  in  the  profiles  of  shear 
stress  and  turbulence  fluctuations  was  found  beyond 
x/h  =  100.  The  coefficient  of  skin  friction  was  found 
to  vary  only  slightly  in  the  downstream  direction  of  the 
flow. 

The  effects  of  wall  roughness  and  the  free-stream 
Reynolds'  number  were  not  noticed  in  the  outer  layer.  A 
thickening  of  the  inner  layer,  because  of  the  roughness, 
was  observed. 

6.3  ADVERSE  PRESSURE  GRADIENT  FLOWS 

On  the  basis  of  similarity,  expressions  for  the 
length  and  velocity  scales  were  obtained.  Expressions 
for  flow  parameters  were  derived  in  simple  forms,  in 
terms  of  the  exponent  m.  Gartshore's  (1965)  expression 
for  eddy  viscosity  was  found  to  give  satisfactory  results 
for  moderately  strong  adverse  pressure  gradient  flows. 

The  only  case  of  weak  adverse  pressure  gradient 
tested  was  found  to  give  interesting  results.  Variations 
of  the  wake-width  and  velocity  defect  were  found  to  occur 
in  a  manner  similar  to  those  for  strong  adverse  pressure 


, 
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gradient.  However,  a  large  discrepancy  was  found  between 
the  values  predicted  by  the  semi-empirical  equations  and 
the  ones  experimentally  observed.  There  is  an  indication 
that  the  skin  friction  influences  the  diffusive  behaviour 
of  the  outer  region  of  the  wall-wake,  for  weak  adverse 
pressure  gradient  flow.  However,  the  limited  amount  of 
experimental  evidence  in  this  regard  prohibits  any 
generalizing  of  the  above  statement. 

Adverse  pressure  gradient  was  found  to  reduce  the 
inner  layer  (the  wake  was  found  to  grow) .  The  interaction 
of  the  inner  and  the  outer  layers  (6w/b)  was  predicted  to 
decrease,  in  proportion  to  x  2/3 (m+1)^  the  downstream 
direction.  The  characteristic  length  scales  for  the  inner 
and  outer  layers  were  found  to  have  a  constant  ratio.  The 
skin  friction  was  found  to  vary  in  proportion  to  x  ^ f 
or  with  the  characteristic  Reynolds  number,  (u-^b/v) •  A 
semi-logrithmic  velocity  profile,  in  terms  of  X (=  y/b) , 
was  found  to  be  valid  in  the  inner  region. 

Turbulence  fluctuations  and  shear  stress  were 
found  to  satisfy  similarity  in  the  far-wake  region.  A 
simple  expression,  derived  on  the  basis  of  the  expression 

u  i  b 

for  R£  =  — - —  ,  proposed  by  Gartshore,  was  found  for  shear 
stress  distribution  across  the  flow. 

It  is  hoped  that  this  study  will  serve  to  provide 
some  understanding  of  the  complex  nature  of  the  flow 
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associated  with  turbulent  wall-wakes.  However,  it  should 
be  noted  that  more  measurements  of  turbulence  characteris¬ 
tics  are  necessary  before  a  full  understanding  of  the 
subject  can  be  achieved. 
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TABLE  A. 1 

MEASURED  MEAN-VELOCITY  DISTRIBUTIONS 


RUN  NUMBER  Is  h=  0.25  in.,  U=  40.0  fps,  R  =  5,200 

o  e 


X  = 

5.0  in 

x  = 

7.5  in 

X  = 

10.0  in 

x  = 

15.0  in 

y 

u 

y 

u 

y 

u 

y 

u 

ft 

fps 

ft 

fps 

ft 

fps 

ft 

fps 

0.006 

21.8 

0.006 

26.0 

0.006 

27.0 

0.006 

27.9 

0.008 

22.5 

0.008 

26.8 

0.008 

28.2 

0.008 

29.7 

0.010 

23.2 

0.010 

27.6 

0.010 

29.0 

0.010 

30.6 

0.012 

24.0 

0.012 

28.1 

0.012 

29.5 

0.012 

31.2 

0.014 

24.5 

0.014 

28.5 

0.014 

29.9 

0.014 

31.8 

0.016 

25.1 

0.016 

28.8 

0.016 

30.2 

0.016 

32.5 

0.021 

26.3 

0.021 

29.4 

0.021 

30.6 

0.021 

33.0 

0.026 

28.3 

0.026 

29.9 

0.026 

31.1 

0.026 

33.4 

0.036 

31.2 

0.036 

31.8 

0.036 

32.0 

0.036 

34.2 

0.046 

34.3 

0.046 

33.9 

0.046 

33.5 

0.046 

34.8 

0.056 

37.1 

0.056 

35.2 

0.056 

34.8 

0.056 

35.3 

0.066 

38.4 

0.066 

37.0 

0.066 

36.0 

0.066 

36.0 

0.076 

39.4 

0.076 

38.3 

0.076 

36.9 

0.076 

36.7 

0.086 

39.8 

0.086 

39.3 

0.086 

38.0 

0.086 

37.3 

0.096 

40.0 

0.096 

39.7 

0.096 

39.0 

0.096 

37.9 

0.106 

39.9 

0.106 

39.6 

0.106 

38.5 

0.126 

40.0 

0.116 

39.9 

0.116 

38.9 

0.126 

40.0 

0.126 

39.3 

0.136  39.6 

0.146  39.8 

0.156  39.9 

0.176  40.0 
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TABLE  A. 1  (CONTINUED) 


x  =  20.0  in  x  =  25.0  in  x  =  50.0  in  x  =  100.0  in 


yu  yu  yu  yu 

ft  fps  ft  fps  ft  fps  ft  fps 


0.006 

29.4 

0.008 

30.2 

0.010 

31.0 

0.012 

31.5 

0.014 

32.1 

0.016 

32.6 

0.021 

33.2 

0.026 

33.8 

0.036 

34.3 

0.046 

35.5 

0.056 

35.9 

0.066 

36.4 

0.076 

36.9 

0.086 

37.3 

0.096 

37.6 

0.106 

38.0 

0.116 

38.5 

0.126 

39.0 

0.136 

39.4 

0.146 

39.6 

0.156 

39.8 

0.166 

39.9 

0.176 

40.0 

0.006 

29.7 

0.008 

30.6 

0.010 

31.3 

0.012 

31.8 

0.014 

32.3 

0.016 

32.6 

0.021 

33.4 

0.026 

34.0 

0.036 

34.6 

0.046 

35.3 

0.056 

35.8 

0.066 

36.4 

0.076 

36.8 

0.086 

37.2 

0.096 

37.6 

0.106 

38.0 

0.116 

38.4 

0.126 

38.8 

0.136 

39.0 

0.146 

39.2 

0.166 

39.5 

0.176 

39.7 

0.196 

39.9 

0.006 

29.6 

0.008 

30.0 

0.010 

30.7 

0.012 

31.3 

0.014 

32.0 

0.016 

32.4 

0.021 

33.5 

0.026 

34.5 

0.036 

36.0 

0.046 

37.0 

0.056 

37.3 

0.066 

37.8 

0.076  1 

38.0 

0.086 

38.2 

0.106 

38.6 

0.126 

38.8 

0.146 

39.0 

0.166 

39.3 

0.196 

39.7 

0.226 

39.9 

0.006 

29.0 

0.008 

29.5 

0.010 

30.6 

0.012 

31.3 

0.014 

31.9 

0.016 

32.4 

0.021 

33.8 

0.026 

34.7 

0.036 

36.3 

0.046 

37.3 

0.056 

37.7 

0.066 

38.0 

0.086 

38.5 

0.106 

38.8 

0.126 

39.0 

0.146 

39.2 

0.166 

39.3 

0.196 

39.4 

0.226 

39.6 

0.256 

39.8 

M  • 
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TABLE  A. 2 

MEASURED  MEAN-VELOCITY  DISTRIBUTIONS 


RUN  NUMBER  2:  h  =  0 . 25  in . ,  U  =  96 . 0 

o 

fps,  R  =  12,500 
c 

x  =  6.25  in  x  =  12.5  in  x  =  25.0  in 

x  =  50.0  in 

y 

u 

y 

u 

y 

u 

y 

u 

ft 

fps 

ft 

fps 

ft 

fps 

ft 

fps 

0.001 

34.0 

0.001 

43.5 

0.001 

45.5 

0.001 

41.6 

0.002 

43.5 

0.002 

50.4 

0.002 

51.8 

0.002 

52.4 

0.004 

50.4 

0.004 

61.6 

0.004 

62.0 

0.004 

60.0 

0.006 

55.6 

0.006 

66.4 

0.006 

68.0 

0.006 

63.5 

0.008 

57.5 

0.008 

67.6 

0.008 

69.0 

0.008 

64.5 

0.010 

58.5 

0.010 

68.0 

0.010 

70.5 

0.010 

67.2 

0.015 

60.0 

0.015 

70.5 

0.015 

73.0 

0.015 

72.0 

0.020 

61.2 

0.020 

73.0 

0.020 

75.0 

0.020 

75.0 

0.025 

61.2 

0.030 

73.5 

0.030 

77.2 

0.030 

82.0 

0.030 

64.0 

0.040 

74.5 

0.040 

80.0 

0.040 

84.4 

0.040 

66.6 

0.050 

76.5 

0.050 

80.8 

0.050 

85.0 

0.050 

73.5 

0.060 

80.0 

0.060 

82.0 

0.060 

85.5 

0.060 

77.0 

0.080 

82.0 

0.080 

84.0 

0.080 

86.5 

0.080 

84.0 

0.100 

86.0 

0.100 

86.0 

0.100 

88.0 

0.100 

90.0 

0.150 

93.0 

0.150 

90.0 

0.150 

90.5 

0.200 

93.5 

0.200 

96.0 

0.200 

93.5 

0.200 

92.0 

0.300 

95.0 

0.300 

96.0 

0.300 

95.0 

0.300 

93.7 

0.400 

95.0 

0.400 

96.0 

0.400 

96.0 

0.400 

0.600 

94.8 

96.0 

* 
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TABLE  A. 2  (CONTINUED) 


X  = 

65.0  in 

X  = 

85.0  in 

x  =  105.0  in 

x  =  125.0  in 

y 

u 

y 

u 

y  u 

y  u 

ft 

fps 

ft 

fps 

ft  fps 

ft  fps 

0.001 

42.0 

0.001 

46.0 

0.001 

46.0 

0.001 

41.6 

0.002 

52.4 

0.002 

53.5 

0.002 

53.5 

0.002 

54.0 

0.004 

60.0 

0.004 

60.0 

0.004 

58.8 

0.004 

58.8 

0.006 

66.0 

0.006 

68.0 

0.006 

68.0 

0.006 

64.5 

0.008 

72.0 

0.008 

69.0 

0.008 

69.0 

0.008 

66.6 

0.010 

73.0 

0.010 

73.0 

0.010 

73.0 

0.010 

68.0 

0.015 

76.2 

0.015 

77.0 

0.015 

76.0 

0.015 

70.4 

0.020 

77.5 

0.020 

80.0 

0.020 

77.0 

0.020 

74.0 

0.030 

84.4 

0.030 

86.0 

0.030 

83.5 

0.030 

77.0 

0.040 

86.0 

0.040 

87.0 

0.040 

87.0 

0.040 

82.8 

0.050 

88.0 

0.050 

88.2 

0.050 

87.6 

0.050 

88.0 

0.060 

88.4 

0.060 

89.0 

0.060 

88.0 

0.060 

88.5 

0.080 

89.0 

0.080 

89.7 

0.080 

90.6 

0.080 

90.0 

0.100 

89.5 

0.100 

90.3 

0.100 

91.0 

0.100 

91.5 

0.150 

90.8 

0.200 

91.5 

0.200 

92.2 

0.150 

92.0 

0.200 

91.8 

0.400 

94.3 

0.300 

93.2 

0.200 

92.3 

0.400 

93.5 

0.600 

95.4 

0.500 

94.5 

0.300 

93.0 

0.600 

96.0 

0.700 

95.8 

0.600 

95.0 

0.400 

93.7 

0.700 

95.6 

0.500 

94.2 

0.600  94.6 

0.700  95.2 
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TABLE  A. 3 

MEASURED  MEAN-VELOCITY  DISTRIBUTIONS 


RUN  NUMBER  3: 

h  =  0.25  in.,  UQ=  96 

.0  fps. 

R  =  12,500 
e 

x  =  6 .25  in  x 

=  12.5  in  x  =  18.75 

in  x  = 

25.0  in 

y 

u 

y 

u 

y 

u 

y 

u 

ft 

fps 

ft 

fps 

ft 

fps 

ft 

fps 

0.001 

15.0 

0.001 

37.0 

0.001 

43.0 

0.001 

42.0 

0.002 

28.0 

0.002 

48.0 

0.002 

55.0 

0.002 

51.0 

0.003 

34.8 

0.004 

57.5 

0.004 

61.5 

0.004 

60.0 

0.005 

38.4 

0.006 

60.0 

0.006 

65.6 

0.006 

64.0 

0.007 

40.0 

0.008 

61.5 

0.008 

67.0 

0.008 

67.0 

0.010 

43.0 

0.010 

62.4 

0.010 

68.5 

0.010 

67.0 

0.015 

44.0 

0.015 

64.0 

0.015 

70.0 

0.020 

71.0 

0.020 

46.0 

0.020 

65.6 

0.020 

71.0 

0.030 

73.0 

0.025 

48.0 

0.030 

67.0 

0.030 

71.5 

0.04  0 

75.3 

0.030 

51.0 

0.040 

68.5 

0.040 

73.0 

0.050 

77.5 

0.035 

54.0 

0.060 

70.0 

0.060 

75.0 

0.060 

78.0 

0.040 

58.0 

0.080 

75.3 

0.080 

77.5 

0.080 

80.0 

0.050 

62.0 

0.100 

80.0 

0.100 

80.0 

0.100 

81.0 

0.060 

66.4 

0.120 

83.0 

0.120 

82.0 

0.150 

84.0 

0.070 

71.0 

0.150 

88.0 

0.150 

86.0 

0.200 

88.0 

0.080 

77.5 

0.200 

93.0 

0.200 

89.5 

0.300 

92.5 

0.090 

84.0 

0.250 

94.5 

0.300 

93.5 

0.400 

94.0 

0.100 

88.0 

0.350 

96.0 

0.400 

94.0 

0.500 

94.8 

0.120 

90.8 

0.450 

96.5 

0.500 

95.0 

0.700 

96.0 

0.150 

92.0 

0.600 

95.8 

0.200  94.0 

0.300  96.6 

0.400  97.5 


* 

' 
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TABLE  A. 3  (CONTINUED) 


x  =  37.5  in 

x  =  50.0  in 

X  = 

65.0 

y 

u 

y 

u 

y 

u 

ft 

fps 

ft 

fps 

ft 

fps 

0.001 

40.0 

0.001 

43.0 

0.001 

45.5 

0.002 

50.0 

0.002 

52.5 

0.002 

55.0 

0.004 

60.0 

0.004 

63.0 

0.004 

63.0 

0.006 

63.5 

0.006 

65.6 

0.006 

66.0 

0.008 

65.6 

0.008 

67.0 

0.008 

67.0 

0.010 

67.0 

0.010 

68.5 

0.010 

70.0 

0.015 

71.5 

0.015 

74.0 

0.015 

71.0 

0.020 

71.5 

0.020 

75.3 

0.020 

76.5 

0.030 

76.4 

0.030 

80.0 

0.030 

80.5 

0.040 

78.0 

0.040 

81.0 

0.040 

83.0 

0.060 

80.0 

0.060 

84.0 

0.060 

86.0 

0.080 

81.0 

0.080 

86.0 

0.080 

87.0 

0.100 

83.0 

0.100 

86.5 

0.100 

89.3 

0.150 

85.5 

0.150 

88.1 

0.150 

90.1 

0.200 

88.5 

0.200 

89.8 

0.200 

91.0 

0.300 

92.0 

0.300 

92.0 

0.300 

92.2 

0.400 

93.5 

0.400 

93.3 

0.400 

93.3 

0.600 

95.3 

0.600 

95.2 

0.500 

94.0 

0.700 

96.0 

0.800 

96.3 

0.700 

95.8 

* 

■ 

'  . 
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TABLE  A. 3  (CONTINUED) 


X  = 

85.0  in 

x  =  105.0 

in 

x  =  125.0  in 

y 

u 

y 

u 

y 

u 

ft 

fps 

ft 

fps 

ft 

fps 

0.001 

43.0 

0.001 

43.0 

0.001 

40.0 

0.002 

59.0 

0.002 

59 .0 

0.002 

52.0 

0.004 

62.0 

0.004 

60.5 

0.004 

57.6 

0.006 

63.5 

0.006 

64.0 

0.006 

64.0 

0.008 

67.0 

0.008 

65.6 

0.008 

65.6 

0.010 

67.0 

0.010 

68.5 

0.010 

66.5 

0.015 

70.0 

0.015 

70.0 

0.015 

72.0 

0.020 

74.0 

0.020 

74.5 

0.020 

75.3 

0.030 

77.5 

0.030 

80.0 

0.030 

78.0 

0.040 

81.0 

0.040 

82.0 

0.040 

81.0 

0.050 

86.0 

0.050 

86.0 

0.060 

89.5 

0.060 

88.0 

0.060 

88.0 

0.080 

90.0 

0.080 

88.8 

0.080 

89.5 

0.100 

91.0 

0.100 

89.5 

0.100 

90.8 

0.200 

92.4 

0.150 

91.3 

0.150 

91.5 

0.300 

93.3 

0.200 

91.8 

0.250 

92.6 

0.400 

94.0 

0.300 

92.7 

0.400 

93.8 

0.500 

94.5 

0.450 

93.8 

0.550 

94.4 

0.600 

95.2 

0.600 

94.7 

0.800 

95.7 

0.800 

95.7 

0.800 

95.8 

• 

' 
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TABLE  A. 4 

MEASURED  MEAN-VELOCITY  DISTRIBUTIONS 


RUN  NUMBER  4:  h  =  0.50  in.r  U  =  96.0  fps ,  R  =  25,000 

O  6 


x  =  12.5  in  x  =  25.0  in  x  =  37.5  in  x  =  50.0  in 


yu  yu  yu  yu 

ft  fps  ft  fps  ft  fps  ft  fps 


0.001 

36.0 

0.003 

50.0 

0.005 

52.8 

0.007 

54.0 

0.010 

55.6 

0.015 

57.6 

0.020 

60.0 

0.025 

60.0 

0.030 

60.0 

0.040 

60.0 

0.050 

62.0 

0.060 

62.5 

0.080 

65.8 

0.100 

68.0 

0.120 

72.4 

0.150 

77.2 

0.170 

84.6 

0.200 

90.5 

0.250 

94.0 

0.300 

96.0 

0.400 

96.8 

0.001 

43.5 

0.003 

60.0 

0.005 

65.0 

0.007 

68.0 

0.010 

70.4 

0.015 

71.0 

0.020 

71.5 

0.025 

72.0 

0.030 

72.5 

0.040 

74.0 

0.050 

75.2 

0.100 

77.5 

0.150 

81.0 

0.200 

86.0 

0.250 

90.0 

0.300 

93.5 

0.350 

96.0 

0.400 

96.5 

0.450 

96.5 

0.001 

45.0 

0.002 

57.0 

0.003 

62.4 

0.004 

65.0 

0.005 

65.6 

0.006 

65.6 

0.008 

66.0 

0.010 

68.0 

0.012 

73.5 

0.015 

74.2 

0.020 

75.2 

0.025 

77.2 

0.030 

79.0 

0.035 

82.2 

0.040 

83.6 

0.050 

84 .6 

0.060 

85.6 

0.080 

86.0 

0.100 

87.0 

0.150 

87.5 

0.200 

88.8 

0.250 

90.1 

0.300 

92.4 

0.350 

93.6 

0.400 

94.7 

0.500 

96.2 

0.001 

48.0 

0.002 

58.0 

0.003 

65.0 

0.004 

68.4 

0.005 

69.2 

0.006 

70.0 

0.008 

72.2 

0.010 

73.6 

0.012 

75.4 

0.015 

76.8 

0.020 

77.2 

0.030 

83.6 

0.040 

84.4 

0.060 

86.6 

0.080 

87.2 

0.140 

88.4 

0.200 

89.4 

0.250 

90.5 

0.300 

92.0 

0.350 

93.0 

0.400 

94.0 

0.450 

94.9 

0.550 

96.0 

0  i 
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TABLE  A. 4  (CONTINUED) 


x  =  65 

i .  0  in 

x  =  85 

» .  0  in 

x  =  105.0  in 

X 

=  125.0  in 

y 

u 

y 

u 

y 

u 

y 

u 

ft 

fps 

ft 

fps 

ft 

fps 

ft 

fps 

0.001 

48.0 

0.001 

48.0 

0.001 

49.0 

0.001 

50.0 

0.002 

58.0 

0.002 

60.5 

0.002 

59.0 

0.002 

60.0 

0.003 

62.8 

0.003 

63.5 

0.003 

62.4 

0.003 

65.0 

0.004 

64.0 

0.004 

64.0 

0.004 

63.6 

0.004 

66.0 

0.005 

64.5 

0.006 

65.6 

0.006 

66.4 

0.006 

69.2 

0.007 

65.0 

0.008 

67.2 

0.008 

70.8 

0.008 

71.4 

0.010 

69.2 

0.010 

68.4 

0.010 

71.4 

0.010 

73.0 

0.015 

71.6 

0.015 

71.5 

0.015 

76.0 

0.015 

74.0 

0.020 

74.0 

0.020 

73.6 

0.020 

77.4 

0.020 

79.2 

0.030 

75.4 

0.025 

75.4 

0.030 

80.5 

0.030 

80.5 

0.040 

77.2 

0.030 

76.8 

0.040 

83.6 

0.040 

83.6 

0.050 

84.0 

0.040 

80.0 

0.060 

87.5 

0.060 

87.0 

0.060 

86.2 

0.050 

82.8 

0.080 

89.2 

0.080 

88.4 

0.080 

87.4 

0.060 

84  .4 

0.100 

89.8 

0.100 

89.6 

0.100 

88.1 

0.080 

86.0 

0.150 

90.4 

0.150 

90.6 

0.150 

88.8 

0.100 

89.0 

0.200 

91.0 

0.200 

91.0 

0.200 

89.5 

0.150 

89.5 

0.300 

91.8 

0.300 

91.8 

0.300 

91.2 

0.200 

90.2 

0.400 

92.7 

0.400 

92.7 

0.400 

93.2 

0.300 

91.5 

0.500 

93.6 

0.500 

93.5 

0.500 

94.8 

0.400 

93.0 

0.600 

94.4 

0.650 

94.4 

0.600 

96.4 

0.500 

94.0 

0.800 

95.8 

0.800 

95.4 

0.600 

0.800 


94.8 

96.0 


. 
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TABLE  A. 5 


MEASURED  MEAN-VELOCITY  DISTRIBUTIONS 


RUN  NUMBER  5:  h  =  0.75  in. r  U  =  96.0  fps,  R  =  37,500 

O  0 


x  =  18.75  in  x  =  30.0  in  x  =  45.0  in  x  =  60.0  in 


y  u  yu  yu  yu 

ft  fps  ft  fps  ft  fps  ft  fps 


0.001 

37.5 

0.002 

48.0 

0.003 

51.5 

0.004 

53.2 

0.005 

54.0 

0.007 

56.0 

0.010 

56.5 

0.015 

58.0 

0.020 

59.5 

0.030 

60.5 

0.040 

62.0 

0.050 

63.0 

0.060 

64.0 

0.080 

66.0 

0.100 

69.0 

0.120 

71.7 

0.140 

75.5 

0.160 

79.0 

0.185 

83.0 

0.210 

86.3 

0.250 

89.0 

0.300 

92.0 

0.400 

94.0 

0.500 

95.0 

0.600 

95.0 

0.001 

44.0 

0.003 

55.0 

0.005 

60.0 

0.010 

65.0 

0.015 

68.1 

0.020 

69.2 

0.030 

71.5 

0.040 

74.0 

0.050 

75.0 

0.060 

76.0 

0.080 

77.0 

0.100 

78.5 

0.120 

80.0 

0.140 

81.5 

0.160 

83.0 

0.180 

84.2 

0.220 

87.0 

0.260 

88.5 

0.300 

90.0 

0.370 

92.0 

0.450 

93.5 

0.550 

95.0 

0.001 

44.0 

0.003 

58.0 

0.005 

62.5 

0.010 

69.0 

0.015 

73.0 

0.020 

76.0 

0.030 

79.0 

0.040 

81.0 

0.050 

82.0 

0.060 

82.5 

0.080 

83.0 

0.110 

84.2 

0.140 

85.5 

0.180 

87.0 

0.230 

88.5 

0.290 

90.0 

0.350 

91.0 

0.450 

92.5 

0.550 

94.0 

0.700 

95.2 

0.001 

44.0 

0.003 

59.5 

0.005 

65.0 

0.010 

70.5 

0.015 

74.5 

0.020 

77.5 

0.030 

80.0 

0.040 

82.0 

0.050 

84.0 

0.060 

85.0 

0.080 

86.4 

0.100 

87.5 

0.120 

88.3 

0.150 

89.3 

0.200 

90.1 

0.250 

90.6 

0.300 

91.1 

0.400 

93.0 

0.500 

94.3 

0.600 

95.0 

0.700 

95.2 
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TABLE  A. 5  (CONTINUED) 


X  = 

75.0  in 

x  = 

90.0  in 

x  =  105.0  in 

x  =  136.0  in 

y 

u 

y 

u 

y  u 

y  u 

ft 

fps 

ft 

fps 

ft  fps 

ft  fps 

0.001 

42.0 

0.001 

44.0 

0.001 

44.0 

0.001 

42.0 

0.003 

53.3 

0.003 

59.5 

0.003 

56.5 

0.003 

55.0 

0.005 

62.5 

0.005 

65.0 

0.005 

64.0 

0.005 

61.0 

0.010 

68.0 

0.010 

70.0 

0.010 

68.0 

0.010 

65.3 

0.015 

74.0 

0.015 

74.0 

0.015 

73.0 

0.015 

70.5 

0.020 

76.5 

0.020 

77.0 

0.020 

75.3 

0.025 

77.5 

0.030 

80.5 

0.030 

81.0 

0.030 

80.0 

0.035 

79.0 

0.040 

83.0 

0.040 

83.7 

0.050 

84.5 

0.045 

82.0 

0.050 

85.3 

0.050 

86.2 

0.070 

88.5 

0.065 

84.5 

0.060 

86.7 

0.060 

87.5 

0.110 

90.5 

0.085 

88.0 

0.080 

88.3 

0.080 

88.5 

0.150 

92.0 

0.105 

89.5 

0.100 

89.5 

0.100 

90.0 

0.250 

92.7 

0.125 

90.7 

0.150 

90.4 

0.150 

91.3 

0.350 

93.5 

0.150 

92.3 

0.200 

91.0 

0.200 

91.8 

0.450 

94.1 

0.200 

93.0 

0.250 

91.5 

0.300 

92.5 

0.550 

94.6 

0.300 

94.0 

0.350 

92.4 

0.400 

93.3 

0.700 

95.0 

0.500 

94.5 

0.450 

93.3 

0.500 

94.0 

0.850 

95.2 

0.700 

95.0 

0.600 

94.5 

0.600 

94.6 

0.750 

95.3 

0.800 

95.2 

'  ' 
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TABLE  A. 6 

MEASURED  MEAN-VELOCITY  DISTRIBUTION 


RUN  NUMBER  6:  h  =  0.50  in.,  U  =  96.0  fps,  R  =  25,000 
(ROUGH  WALL)  °  e 


x  =  10.0  in  x  =  20.0  in  x  =  25.0  in  x  =  37.5  in 


yu  yu  yu  yu 

ft  fps  ft  fps  ft  fps  ft  fps 


0.001 

24.8 

0.001 

33.0 

0.002 

26.6 

0.002 

34.5 

0.004 

28.2 

0.004 

40.0 

0.006 

29.8 

0.006 

44.0 

0.008 

31.2 

0.008 

47.0 

0.010 

31.2 

0.010 

49.5 

0.015 

32.5 

0.015 

53.2 

0.020 

32.5 

0.020 

55.7 

0.030 

34.0 

0.030 

58.7 

0.040 

36.5 

0.040 

61.0 

0.050 

38.8 

0.050 

62.5 

0.060 

42.0 

0.060 

63.2 

0.070 

46.0 

0.070 

64.0 

0.080 

52.3 

0.080 

65.0 

0.100 

62.7 

0.100 

70.7 

0.120 

71.6 

0.120 

73.0 

0.140 

79.5 

0.140 

75.7 

0.160 

85.0 

0.160 

78.6 

0.180 

89.0 

0.180 

82.5 

0.200 

90.5 

0.200 

85.0 

0.220 

92.0 

0.220 

87.5 

0.250 

93.2 

0.250 

91.3 

0.300 

94.0 

0.300 

93.3 

0.350 

94.7 

0.400 

94.2 

0.400 

95.4 

0.500 

95.0 

0.500 

96.2 

0.600 

96.0 

0.001 

33.0 

0.001 

32.5 

0.002 

35.2 

0.002 

33.0 

0.004 

41.0 

0.004 

37.5 

0.006 

44.0 

0.006 

42.5 

0.008 

47.0 

0.008 

46.2 

0.010 

49.8 

0.010 

49.0 

0.015 

54.0 

0.015 

53.2 

0.020 

57.3 

0.020 

57.2 

0.030 

60.3 

0.030 

61.8 

0.040 

63.2 

0.040 

65.0 

0.050 

64.5 

0.050 

67.2 

0.060 

66.0 

0.060 

68.5 

0.070 

66.5 

0.070 

70.0 

0.080 

68.0 

0.080 

70.7 

0.100 

71.5 

0.090 

71.7 

0.150 

76.0 

0.100 

73.0 

0.200 

80.5 

0.120 

74.7 

0.250 

86.0 

0.140 

76.2 

0.300 

88.7 

0.160 

77.8 

0.400 

91.5 

0.180 

79.0 

0.500 

93.8 

0.200 

80.7 

0.600 

95.0 

0.250 

84.2 

0.700 

96.0 

0.300 

88.0 

0.400 

90.7 

0.500 

93.0 

0.600 

94.6 

0.700 

95.8 

- 

' 
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TABLE  A. 6  (CONTINUED) 


x  =  50.0  in  x  =  75.0  in  x  =  100.0  in  x  =  125.0  in 


yu  yu  yu  y  u 

ft  fps  ft  fps  ft  fps  ft  fps 


0.001 

33.0 

0.002 

35.2 

0.004 

40.5 

0.006 

44.0 

0.008 

47.0 

0.010 

49.8 

0.015 

54.0 

0.020 

56.5 

0.030 

62.5 

0.040 

65.2 

0.050 

67.2 

0.060 

68.5 

0.070 

70.5 

0.080 

71.7 

0.100 

75.0 

0.120 

76.8 

0.140 

78.0 

0.160 

79.5 

0.180 

80.7 

0.200 

81.5 

0.220 

83.2 

0.250 

84.8 

0.300 

87.0 

0.350 

90.0 

0.400 

91.5 

0.500 

93.7 

0.600 

95.0 

0.700 

95.8 

0.001 

32.5 

0.002 

35.2 

0.004 

40.0 

0.006 

43.2 

0.008 

46.2 

0.010 

49.0 

0.015 

52.5 

0.020 

55.7 

0.030 

60.3 

0.040 

64.0 

0.050 

66.0 

0.060 

68.5 

0.070 

70.0 

0.080 

71.7 

0.100 

74.0 

0.120 

77.0 

0.140 

79.0 

0.160 

80.0 

0.180 

81.2 

0.200 

83.0 

0.220 

84.0 

0.250 

85.3 

0.300 

87.2 

0.350 

89.5 

0.400 

91.0 

0.500 

93.0 

0.600 

94.8 

0.700 

95.5 

0.800 

95.8 

0.001 

31.2 

0.003 

34.0 

0.005 

38.0 

0.007 

42.0 

0.010 

46.0 

0.015 

49.7 

0.020 

53.3 

0.030 

57.3 

0.040 

61.0 

0.050 

63.8 

0.060 

65.2 

0.070 

67.2 

0.080 

69.0 

0.100 

73.0 

0.120 

75.0 

0.140 

77.5 

0.160 

79.5 

0.180 

80.3 

0.200 

81.3 

0.220 

82.7 

0.250 

83.6 

0.300 

86.3 

0.350 

88.5 

0.400 

89.5 

0.500 

91.0 

0.600 

92.8 

0.700 

94.5 

0.800 

95.6 

0.001 

31.2 

0.002 

34.0 

0.004 

40.0 

0.006 

43.2 

0.008 

45.2 

0.010 

47.0 

0.015 

50.7 

0.020 

53.3 

0.030 

57.3 

0.040 

60.2 

0.050 

62.5 

0.060 

64.0 

0.080 

66.5 

0.100 

69.0 

0.120 

72.8 

0.140 

75.8 

0.160 

78.0 

0.180 

79.5 

0.200 

81.0 

0.250 

83.3 

0.300 

85.5 

0.375 

87.7 

0.450 

89.5 

0.525 

91.7 

0.600 

92.5 

0.700 

93.8 

0.800 

94.5 

0.900 

95.2 

o  .c 
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TABLE  A. 7 

MEASURED  MEAN  VELOCITY  DISTRIBUTIONS 


RUN  NUMBER  9  (APG-III) :  h  = 


0.25  in,  u  =  145  fps 
o 


5.0  in  7.5  in  10.0  in  12.5  in  18.75  in  25.0  in 
u  u  u  u  u  u 

fps  fps  fps  fps  fps  fps 


x 

y 

ft 


o.ooi 

0.005 

0.01 

0.02 

0.03 

0,04 

0.05 

0.06 

0.07 

0.08 

0.09 

0.10 

0.11 

0.12 

0.13 

0.15 

0.17 

0.20 

0.25 

0.30 


29.0 

33.1 

38.2 
47.0 

55.8 

72.4 
90.0 

107.6 
117.0 
125.0 

130.7 
135.0 

136.5 
137.0 
138.0 
139.0 

139.5 

140.3 
143.0 
143.0 


43.0 

62.1 

71.6 

77.5 

82.3 

87.4 

94.6 

100.6 

107.3 
113.0 

117.5 

122.0 

124.5 

127.5 

129.5 
131.0 

131.8 

132.2 
133.0 
133.0 


50.0 

67.8 

74.0 

78.1 

84.0 

87.3 
91.0 
94.0 

98.3 

102.0 

106.5 
110.2 
114.0 
117.0 

119.5 

122.6 

125.0 

125.7 
127.0 
127.0 


46.0 

62.0 

70.1 

75.7 

79.0 

82.0 

85.0 

88.5 

91.0 

94.4 

97.0 

100.5 
104.0 

106.5 
110.1 
114.0 

117.8 

121.3 

122.8 

122.7 


44.0 

61.4 

68.4 

73.6 

75.7 

78.7 
81.0 
83.0 

84.1 

86.6 

87.2 

90.4 
92.0 

94.4 

96.2 

100.7 
105.0 

109.5 
115.0 
115.0 


40.0 

60.1 

63.5 

68.5 

71.6 

74.5 
76.0 
77.0 
79.0 

80.2 

81.5 
83.0 

84.2 

85.8 

87.2 
90.0 

97.2 
104.0 
108.0 
108.0 


' 
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TABLE 

A. 7  (CONTINUED) 

X 

37.5  in  50.0  in 

62.5  in  81.25  in 

100.0  in 

125.0  in 

y 

u  u 

u  u 

u 

u 

(ft) 

fps  fps 

fps  fps 

fps 

fps 

0.001 

35.0 

29.5 

23.0 

19.0 

14.2 

10.0 

0.005 

51.1 

40.6 

34.2 

27.2 

20.0 

17.0 

0.01 

54.0 

46.0 

37.5 

31.0 

24.0 

19.0 

0.02 

58.0 

50.4 

42.0 

32.6 

26.0 

21.0 

0.03 

61.0 

53.0 

45.0 

35.3 

26.7 

22.7 

0.04 

63.5 

54.8 

46.3 

36.5 

28.0 

23.0 

0.05 

65.0 

56.6 

47.0 

37.5 

29.0 

24.0 

0.06 

66.7 

58.0 

47.7 

37.0 

29.6 

24.5 

0.08 

69.4 

59.5 

50.6 

38.8 

31.2 

26.0 

0.10 

71.5 

61.7 

52.5 

41.5 

33.0 

26.7 

0.12 

73.5 

63.7 

55.0 

43.0 

34.5 

27.0 

0.14 

75.4 

66.1 

57.4 

44.2 

35.7 

28.6 

0.16 

77.5 

67.8 

58.8 

46.4 

37.7 

30.2 

0.18 

80.0 

69.5 

61.2 

48.5 

39.0 

31.0 

0.20 

82.0 

71.5 

63.0 

50.0 

40.3 

33.0 

0.22 

84.2 

73.3 

64.8 

53.0 

43.4 

35.2 

0.25 

87.0 

76.0 

67.7 

58.0 

47.5 

38.0 

0.30 

92.0 

80.5 

72.5 

62.8 

51.7 

43.2 

0.35 

95.8 

84.0 

76.7 

63.7 

58.3 

49.2 

0.40 

97.7 

88.2 

79.5 

71.0 

64.5 

56.0 

0.45 

97.6 

89.5 

82.0 

74.6 

70.2 

63.8 

0.50 

98.0 

90.0 

83.8 

78.0 

73.8 

70.7 

0.55 

98.0 

90.0 

83.8 

79.2 

74.1 

72.2 

0.60 

98.0 

90.0 

83.8 

79.2 

74.0 

72.2 

ii 
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TABLE  A. 8 


FLOW  PARAMETERS  FOR  ZERO  PRESSURE  GRADIENT  FLOWS 


RUN  NUMBER  1 

RUN  NUMBER  2 

X 

b  ulm 

u* 

x  b 

ulm 

u* 

ft 

ft  fps 

fps 

ft  ft 

fps 

fps 

0.416 

0.038 

12.4 

1.47 

0.333 

0.035 

43.0 

— 

0.625 

0.044 

10.0 

1.90 

0.416 

0.042 

33.5 

3.0 

0.833 

0.047 

7.6 

1.70 

0.520 

0.048 

27.0 

3.5 

1.250 

0.065 

6.4 

1.80 

1.040 

0.063 

16.3 

3.9 

1.660 

0.079 

5.2 

1.90 

1.560 

0.083 

13.5 

4.2 

2.080 

0.089 

4.6 

1.95 

2.080 

0.094 

12.0 

4.1 

4.160 

0.125 

3.5 

1.90 

3.120 

0.110 

9.6 

4.0 

8.330 

0.167 

2.4 

1.85 

4.160 

0.130 

8.8 

4.1 

5.400 

0.137 

7.1 

4.0 

7.100 

0.160 

6.1 

4.0 

8.750 

0.177 

5.6 

4.0 

10.400 

0.190 

5.1 

4.2 

RUN  NUMBER  3 

RUN  NUMBER  4 

0.333 

0.051 

69.0 

— 

0.625 

0.096 

71.0 

— 

0.416 

0.058 

51.0 

— 

0.833 

0.110 

56.0 

— 

0.520 

0.065 

40.0 

— 

1.040 

0.137 

36.5 

3.4 

1.040 

0.085 

21.0 

3.85 

2.000 

0.175 

20.0 

3.95 

1.560 

0.098 

16.0 

3.90 

3.120 

0.200 

16.0 

3.80 

2.080 

0.106 

15.0 

4.25 

4.160 

0.217 

13.5 

3.90 

3.120 

0.130 

12.5 

4.20 

5.400 

0.240 

11.5 

3.90 

4.160 

0.154 

10.0 

4.00 

7.100 

0.268 

10.5 

3.90 

5.400 

0.170 

9.0 

4.15 

8.750 

0.300 

9.4 

3.95 

7.100 

0.195 

7.9 

4.00 

10.400 

0.333 

8.6 

3.90 

8.750 

0.230 

7.1 

4.00 

0.400 

0.250 

6.3 

3.90 

. 

* 

. 
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TABLE  A. 8  (CONTINUED) 


RUN  NUMBER  5 

RUN  NUMBER  6 

X 

b  ulm 

u* 

x  b 

ulm 

u* 

ft 

ft  fps 

fps 

ft  ft 

fps 

fps 

1.00 

0.125 

57.5 

— 

0.66 

0.090 

73.0 

— 

1.25 

0.156 

42.0 

— 

0.83 

0.104 

53.0 

— 

1.56 

0.187 

32.5 

— 

1.25 

0.125 

30.0 

3.26 

2.50 

0.230 

21.0 

1.95 

1.67 

0.150 

22.5 

4.40 

3.75 

0.260 

18.8 

3.55 

2.08 

0.160 

19.0 

4.35 

5.00 

0.290 

15.0 

3.20 

3.12 

0.190 

15.3 

4.45 

6.25 

0.320 

13.0 

3.50 

4.16 

0.215 

14.5 

4.50 

7.80 

0.360 

12.0 

3.60 

6.25 

0.260 

12.5 

5.00 

8.75 

0.390 

10.5 

3.60 

8.33 

0.290 

10.5 

4.40 

9.40 

0.390 

10.3 

3.90 

10.40 

0.345 

9.5 

4.40 

10.00 

0.400 

10.0 

4.13 

11.25 

0.420 

9.5 

4.05 

'i 
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TABLE  A. 9 


PLOW  PARAMETERS  FOR  ADVERSE  PRESSURE  GRADIENT  FLOWS 


RUN  NUMBER  7 

(APG  I  )  : 

h  -  o.50  in.,  UQ=  107.0  fps 

X 

b 

U  ulm 

ft 

ft 

fps  fps  fps 

0 

-■ — 

107.0 

— 

— 

0.45 

— 

107.0 

— 

— 

0.63 

0.108 

104.0 

42.5 

— 

1.00 

0.115 

103.0 

32.0 

— 

2.07 

0.140 

99.0 

17.8 

3.70 

3.12 

0.175 

93.0 

14.0 

3.08 

4.15 

0.188 

89.0 

9.8 

3.27 

6.25 

0.195 

85.5 

9.0 

3.02 

8.35 

0.190 

82.5 

8.3 

2.95 

0.40 

0.201 

80.2 

6.4 

2.90 

RUN  NUMBER  8 

(APG  II  ) : 

h  = 

ll 

0 

D 

• 

C 

•H 

c 

in 

• 

o 

121.0  fps 

X 

b 

U 

ulm 

u* 

ft 

ft 

fps 

fps 

fps 

0 

— 

121.0 

— 

— 

0.55 

— 

121.0 

— 

— 

0.80 

— 

120.0 

— 

— 

1.00 

0.108 

117.0 

69.0 

— 

2.07 

0.198 

105.0 

42.5 

3.40 

3.12 

0.202 

98.0 

34.8 

2.45 

4.15 

0.238 

92.0 

32.2 

2.15 

6.25 

0.260 

84.6 

30.7 

2.12 

8.35 

0.282 

77.5 

28.7 

1.73 

0.40 

0.318 

73.8 

24.8 

1.61 

.  ..  . 

. 

, 
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TABLE  A. 9  (CONTINUED) 


NUMBER  9 

(APG  III 

) :  h  =  0.25 

in.,  UQ= 

145.0  fp 

X 

b 

U 

ulm 

u* 

ft 

ft 

fps 

fps 

fps 

0 

^  M  M 

145.0 

_ 

MW 

0.25 

— 

144.5 

— 

— 

0.55 

0.058 

138.0 

55.3 

6.75 

0.80 

0.080 

127.6 

49.8 

5.85 

1.05 

0.095 

122.0 

43.3 

4.55 

1.55 

0.125 

114.5 

35.4 

3.44 

2.10 

0.150 

107.3 

29.5 

3.12 

3.12 

0.195 

97.0 

27.2 

2.55 

4.15 

0.222 

90.0 

26.1 

2.34 

5.20 

0.232 

84.0 

25.2 

2.06 

6.75 

0.252 

79.7 

22.8 

1.91 

8.20 

0.270 

74.0 

20.7 

1.65 

10.40 

0.295 

72.5 

22.0 

1.62 

. 
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TABLE  B1 


TURBULENCE  CHARACTERISTICS  FOR  RUN  NUMBER  2 


x  =  6 . 

25  in. ,  h  = 

/ 

0.25  in.,  UQ= 

96.0  fps 

y  (ft) 

(u'/Oo) 

,  r-  *>  ** 

(v’/UQ) 

(W'/U0) 

c=S»vVu‘>  .icr 

0.012 

0.139 

0.104 

0.085 

3.19 

0.015 

0.143 

0.108 

0.086 

3.58 

0.020 

0.150 

0.117 

0.088 

5.39 

0.030 

0.162 

0.125 

0.094 

7.89 

0.040 

0.170 

0.132 

0.098 

10.11 

0.050 

0.173 

0.134 

0.100 

11.31 

0.060 

0.162 

0.123 

0.093 

9.30 

0.070 

0.148 

0.112 

0.083 

7.16 

0.080 

0.128 

0.098 

0.073 

4.45 

0.090 

0.103 

0.080 

0.057 

2.46 

0.100 

0.078 

0.062 

0.040 

1.54 

0.110 

0.060 

0.049 

0.027 

0.73 

0.120 

0.047 

0.040 

0.021 

0.33 

0.130 

0.039 

0.033 

0.017 

0.08 

0.150 

0.029 

0.024 

0.012 

0.03 

0.200 

0.019 

0.016 

0.009 

0.03 

x  =  12 

.50  in. 

0.012 

0.098 

0.071 

0.058 

2.15 

0.015 

0.100 

0.073 

0.059 

2.36 

0.020 

0.100 

0.071 

0.060 

— 

0.030 

0.110 

0.083 

0.062 

4.60 

0.040 

0.113 

0.087 

0.064 

6.25 

0.050 

0.115 

0.088 

0.068 

6.50 

0.060 

0.117 

0.089 

0.064 

7.10 

0.070 

0.116 

0.088 

0.064 

6.80 

0.080 

0.115 

0.088 

0.062 

7.00 

0.100 

0.105 

0.080 

0.051 

5.80 

0.120 

0.090 

0.070 

0.043 

4.45 

0.150 

0.055 

0.045 

0.023 

0.90 

0.200 

0.023 

0.020 

0.007 

0.12 

0.250 

0.014 

0.012 

0.003 

0.02 

0.300 

0.009 

0.008 

0.002 

0.01 

NOTE:  u',  v'  and  w*  are  the  root-mean  square  values 

of  the  velocity  fluctuations 


’  .1  .  0 

• 

' 

, 
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TABLE  B.l  (CONTINUED) 


x  =  25.0  in. 

y (ft)  (u'/uo) 

(v'/U0) 

(w'/uo) 

(-iPv^/U^)  .10 3 

0.012 

0.080 

0.058 

0.048 

2.50 

0.015 

0.080 

0.059 

0.047 

2.65 

0.020 

0.080 

0.059 

0.046 

2.60 

0.030 

0.078 

0.059 

0.044 

2.80 

0.040 

0.077 

0.059 

0.043 

2.90 

0.060 

0.077 

0.060 

0.042 

3.00 

0.080 

0.077 

0.061 

0.042 

3.40 

0.100 

0.077 

0.060 

0.042 

3.50 

0.120 

0.077 

0.060 

0.041 

3.80 

0.150 

0.074 

0.059 

0.038 

3.60 

0.200 

0.047 

0.038 

0.022 

1.55 

0.250 

0.022 

0.019 

0.009 

0.14 

0.300 

0.011 

0.009 

0.004 

0.06 

0.350 

0.007 

0.006 

0.003 

x  =  50 . 

in. 

0.012 

0.077 

0.056 

0.046 

1.90 

0.015 

0.075 

0.054 

0.045 

2.08 

0.020 

0.074 

0.053 

0.044 

2.28 

0.030 

0.070 

0.051 

0.041 

2.26 

0.04  0 

0.067 

0.049 

0.037 

2.20 

0.060 

0.061 

0.046 

0.033 

1.76 

0.080 

0.057 

0.043 

0.031 

1.50 

0.100 

0.055 

0.042 

0.030 

1.45 

0.150 

0.053 

0.041 

0.027 

1.45 

0.200 

0.051 

0.039 

0.026 

1.40 

0.250 

0.043 

0.033 

0.023 

0.92 

0.300 

0.027 

0.022 

0.013 

0.38 

0.350 

0.020 

0.015 

0.005 

0.16 

0.400 

0.010 

0.009 

0.004 

0.02 

> 

■ 

-0 

TABLE  B.l  (CONTINUED) 


x  =  87.5  in. 

y (ft)  <u’/uo) 

(v’/uo) 

(w'/U0)  (-uTvr/U^)  .10 3 

0.012 

0.072 

0.052 

0.044 

2.00 

0.015 

0.072 

0.052 

0.044 

2.00 

0.020 

0.071 

0.051 

0.043 

2.20 

0.030 

0.067 

0.048 

0.041 

1.90 

0.040 

0.064 

0.047 

0.038 

2.00 

0.060 

0.060 

0.044 

0.032 

1.85 

0.100 

0.052 

0.039 

0.030 

1.55 

0.150 

0.04  6 

0.034 

0.024 

1.12 

0.200 

0.041 

0.031 

0.022 

0.80 

0.250 

0.038 

0.029 

0.021 

0.80 

0.300 

0.036 

0.027 

0.019 

0.62 

0.350 

0.030 

0.023 

0.015 

0.56 

0.400 

0.020 

0.016 

0.009 

0.22 

0.500 

0.012 

0.011 

0.009 

0.04 

x  =  125.0 

in. 

0.012 

0.069 

0.051 

0.042 

1.73 

0.015 

0.069 

0.051 

0.042 

1.75 

0.020 

0.068 

0.049 

0.042 

1.71 

0.030 

0.066 

0.048 

0.039 

1.  65 

0.040 

0.064 

0.047 

0.037 

1.58 

0.050 

0.062 

0.046 

0.036 

1.48 

0.070 

0.058 

0.043 

0.033 

1.25 

0.090 

0.055 

0.041 

0.032 

1.14 

0.110 

0.052 

0.039 

0.030 

0.90 

0.150 

0.048 

0.036 

0.026 

0.71 

0.200 

0.04  3 

0.032 

0.023 

0.16 

0.250 

0.038 

0.029 

0.020 

0.10 

0.300 

0.033 

0.025 

0.018 

0.10 

0.400 

0.027 

0.021 

0.014 

0.05 

0.500 

0.022 

0.018 

0.010 

0.02 

0.600 

0.018 

0.016 

0.008 

— 

- 

'  c:t  ^ 
'  ' 


026  ( 


* 

> 
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TABLE  B.2 


TURBULENCE  CHARACTERISTICS  FOR  RUN  NUMBER  4 


x  =  12.5  in.,  h  = 

0.50  in.. 

U  =  96.0  fps 
o 

y (ft)  (u'/uo) 

(v'/Uo) 

(w/uo)  (-ITVVu^)  .103 

0.012 

0.159 

0.115 

0.085 

1.46 

0.015 

0.162 

0.118 

0.085 

1.92 

0.020 

0.166 

0.123 

0.086 

3.26 

0.030 

0.170 

0.130 

0.086 

4.95 

0.040 

0.171 

0.132 

0.087 

6.96 

0.050 

0.177 

0.138 

0.090 

7.84 

0.060 

0.182 

0.141 

0.092 

9.30 

0.070 

0.187 

0.146 

0.096 

11.00 

0.080 

0.190 

0.148 

0.098 

11.80 

0.090 

0.193 

0.151 

0.099 

12.85 

0.100 

0.197 

0.153 

0.100 

14.20 

0.120 

0.198 

0.153 

0.102 

14.50 

0.140 

0.192 

0.150 

0.097 

14.40 

0.160 

0.176 

0.136 

0.083 

11.70 

0.180 

0.154 

0.120 

0.073 

9.13 

0.200 

0.126 

0.100 

0.062 

6.00 

0.250 

0.061 

0.052 

0.042 

0.80 

0.300 

0.031 

0.026 

0.036 

0.04 

0.400 

0.011 

0.010 

0.031 

— 

x  =  25.0 

in. 

0.012 

0.097 

0.070 

0.053 

0.64 

0.015 

0.099 

0.071 

0.055 

0.77 

0.020 

0.102 

0.074 

0.055 

1.20 

0.030 

0.104 

0.077 

0.055 

1.34 

0.04  0 

0.107 

0.081 

0.056 

1.34 

0.060 

0.110 

0.085 

0.056 

1.97 

0.080 

0.113 

0.089 

0.056 

3.23 

0.100 

0.116 

0.090 

0.057 

4.12 

0.120 

0.119 

0.094 

0.060 

4.80 

0.150 

0.123 

0.097 

0.062 

6.10 

0.200 

0.121 

0.093 

0.062 

6.15 

0.250 

0.103 

0.080 

0.056 

3.87 

0.300 

0.075 

0.062 

0.042 

0.56 

0.350 

0.048 

0.041 

0.032 

0.06 

0.400 

0.033 

0.030 

0.028 

0.05 

0.500 

0.023 

0.022 

0.026 

■  ■  4 

• 

' 

i 
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TABLE  B.2  (CONTINUED) 


x  =  50.0  in. 

y ( ft)  (u'/uo) 

(v'/uo) 

(w’/Uo)  ( -uTvT/Og ) .103 

0.012 

0.076 

0.055 

0.039 

1.82 

0.015 

0.076 

0.055 

0.039 

2.11 

0.020 

0.072 

0.052 

0.039 

2.08 

0.030 

0.069 

0.051 

0.038 

1.80 

0.040 

0.068 

0.051 

0.037 

1.73 

0.060 

0.066 

0.050 

0.036 

1.57 

0.080 

0.064 

0.049 

0.035 

1.40 

0.100 

0.064 

0.050 

0.035 

1.31 

0.150 

0.063 

0.050 

0.036 

1.52 

0.200 

0.063 

0.050 

0.037 

1.68 

0.250 

0.062 

0.049 

0.037 

1.60 

0.300 

0.058 

0.046 

0.036 

1.60 

0.350 

0.052 

0.041 

0.033 

1.00 

0.400 

0.043 

0.035 

0.027 

0.16 

0.500 

0.025 

0.021 

0.023 

0.02 

0.600 

0.013 

0.010 

0.021 

0.01 

x  =  75.0 

in. 

0.012 

0.073 

0.053 

0.041 

1.82 

0.020 

0.071 

0.052 

0.039 

1.80 

0.030 

0.067 

0.049 

0.038 

1.68 

0.040 

0.060 

0.045 

0.040 

1.68 

0.060 

0.058 

0.042 

0.041 

1.36 

0.080 

0.055 

0.041 

0.037 

1.18 

0.100 

0.053 

0.040 

0.032 

1.04 

0.150 

0.050 

0.038 

0.031 

1.00 

0.200 

0.048 

0.037 

0.032 

0.87 

0.250 

0.047 

0.036 

0.032 

0.80 

0.300 

0.045 

0.035 

0.032 

0.72 

0.350 

0.042 

0.035 

0.0  31 

0.64 

0.400 

0.038 

0.030 

0.026 

0.51 

0.500 

0.030 

0.026 

0.027 

0.25 

0.600 

0.020 

0.017 

0.027 

0.10 

0.700 

0.011 

0.009 

0.026 

0.03 

8 

' 

. 

' 
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TABLE  B.2  (CONTINUED) 


x  =  100 .0  in. 

y (ft)  (u'/UQ) 

(v'/uo) 

(w'/U0) 

2  ^ 

(-u'v'/lT)  .10 

0.012 

0.076 

0.055 

0.040 

1.65 

0.020 

0.073 

0.052 

0.037 

1.68 

0.030 

0.070 

0.051 

0.036 

1.68 

0.040 

0.066 

0.048 

0.036 

1.65 

0.060 

0.062 

0.046 

0.033 

1.67 

0.080 

0.057 

0.042 

0.032 

1.44 

0.100 

0.053 

0.039 

0.030 

1.14 

0.150 

0.054 

0.039 

0.029 

0.80 

0.200 

0.044 

0.033 

0.029 

0.55 

0.250 

0.042 

0.032 

0.029 

0.45 

0.300 

0.040 

0.031 

0.029 

0.40 

0.350 

0.039 

0.030 

0.028 

0.44 

0.400 

0.036 

0.028 

0.027 

0.37 

0.500 

0.029 

0.024 

0.023 

0.13 

0.600 

0.022 

0.019 

0.022 

0.02 

x  =  125.0 

in. 

O.012 

0.073 

0.052 

0.038 

1.55 

0.020 

0.071 

0.051 

0.038 

1.55 

0.030 

0.069 

0.050 

0.037 

1.50 

0.04  0 

0.068 

0.050 

0.036 

1.40 

0.060 

0.063 

0.047 

0.034 

1.25 

0.080 

0.058 

0.042 

0.031 

1.00 

0.100 

0.055 

0.041 

0.029 

0.68 

0.150 

0.047 

0.036 

0.029 

0.62 

0.200 

0.042 

0.033 

0.030 

0.60 

0.250 

0.039 

0.030 

0.029 

0.57 

0.300 

0.038 

0.029 

0.029 

0.50 

0.350 

0.036 

0.028 

0.029 

0.43 

0.400 

0.034 

0.027 

0.029 

0.32 

0.500 

0.029 

0.023 

0.027 

0.16 

0.600 

0.023 

0.019 

0.026 

0.04 

0.700 

0.017 

0.014 

0.023 

0.04 

0.800 

0.013 

0.010 

0.017 

— 

0.900 

0.011 

0.009 

0.011 

— 
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TABLE  B . 3 

TURBULENCE  CHARACTERISTICS  FOR  RUN  NUMBER  6  (ROUGH  WALL) 


x  =  12.5 

in. ,  h  = 

0.50  in., 

U  ®  96.0  fps 
o 

y  (ft) 

(u'/Uo) 

(v'/Uq) 

(w'/U0)  (-uTVO^)  .103 

0.012 

0.190 

0.161 

0.130 

2.15 

0.014 

0.187 

0.158 

0.130 

1.50 

0.016 

0.189 

0.161 

0.132 

1.65 

0.020 

0.191 

0.164 

0.134 

2.00 

0.025 

0.197 

0.169 

0.134 

2.70 

0.030 

0.202 

0.174 

0.135 

3.10 

0.040 

0.210 

0.184 

0.138 

4.40 

0.050 

0.217 

0.191 

0.140 

5.60 

0.060 

0.221 

0.195 

0.144 

7.60 

0.080 

0.236 

0.208 

0.150 

10.30 

0.100 

0.243 

0.213 

0.153 

11.75 

0.120 

0.244 

0.215 

0.158 

13.30 

0.150 

0.228 

0.201 

0.138 

12.30 

0.180 

0.170 

0.147 

0.105 

6.05 

0.210 

0.116 

0.102 

0.076 

2.40 

0.250 

0.058 

0.050 

0.026 

0.20 

0.300 

0.032 

0.030 

0.014 

0.05 

x  =  25.0 

in . 

0.012 

0.139 

0.114 

0.092 

2.92 

0.017 

0.138 

0.112 

0.090 

2.85 

0.022 

0.135 

0.109 

0.086 

2.75 

0.032 

0.133 

0.105 

0.079 

2.45 

0.042 

0.132 

0.104 

0.076 

2.25 

0.062 

0.131 

0.108 

0.071 

2.30 

0.082 

0.133 

0.111 

0.069 

2.50 

0.102 

0.135 

0.113 

0.070 

2.87 

0.152 

0.141 

0.118 

0.075 

3.75 

0.202 

0.143 

0.121 

0.073 

4.25 

0.252 

0.117 

0.100 

0.062 

3.62 

0.302 

0.080 

0.070 

0.039 

1.45 

0.352 

0.040 

0.036 

0.016 

0.40 

0.402 

0.022 

0.020 

0.011 

0.04 

5 


256 


TABLE  B.3  (CONTINUED) 


x  =  50.0  in. 

y (ft)  (u'/u0) 

(V'/UQ) 

(w'/U0) 

•(W/uJ)  .io3 

0.012 

0.130 

0.106 

0.085 

3.12 

0.022 

0.129 

0.100 

0.078 

3.00 

0.032 

0.121 

0.096 

0.071 

2.65 

0.042 

0.114 

0.091 

0.066 

2.50 

0.062 

0.101 

0.080 

0.060 

1.85 

0.082 

0.096 

0.076 

0.051 

1.60 

0.102 

0.089 

0.071 

0.047 

1.40 

0.132 

0.083 

0.067 

0.043 

1.15 

0.162 

0.080 

0.064 

0.040 

1.00 

0.202 

0.077 

0.062 

0.040 

0.90 

0.252 

0.075 

0.060 

0.039 

0.88 

0.302 

0.069 

0.054 

0.037 

0.75 

0.402 

0.055 

0.048 

0.027 

0.58 

0.502 

0.031 

0.028 

0.016 

0.05 

x  —  75.0 

in. 

0.012 

0.116 

0.094 

0.0  86 

2.00 

0.020 

0.115 

0.092 

0.081 

1.90 

0.030 

0.110 

0.088 

0.074 

1.75 

0.040 

0.103 

0.081 

0.069 

1.42 

0.050  • 

0.098 

0.077 

0.065 

1.45 

0.070 

0.089 

0.070 

0.058 

1.15 

0.100 

0.080 

0.062 

0.050 

0.95 

0.130 

0.071 

0.055 

0.042 

0.75 

0.160 

0.065 

0.052 

0.040 

0.58 

0.200 

0.064 

0.053 

0.040 

0.48 

0.250 

0.062 

0.053 

0.038 

0.62 

0.300 

0.056 

0.049 

0.035 

0.50 

0.400 

0.047 

0.040 

0.028 

0.36 

0.600 

0.022 

0.022 

0.012 

0.01 

• 

... 

\ 
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TABLE  B . 3  (CONTINUED) 


x  =  100.0 

in. 

y  (ft) 

(u'/Uo) 

(v'/Uo) 

(w'/U0) 

(-u7\Tr/u^)  ,103 

0.012 

0.110 

0.089 

0.082 

2.00 

0.022 

0.109 

0.086 

0.075 

1.90 

0.032 

0.102 

0.080 

0.070 

1.68 

0.042 

0.097 

0.075 

0.067 

1.50 

0.062 

0.090 

0.069 

0.061 

1.40 

0.082 

0.085 

0.065 

0.057 

1.20 

0.102 

0.079 

0.062 

0.051 

1.10 

0.132 

0.071 

0.054 

0.046 

0.80 

0.162 

0.063 

0.049 

0.042 

0.63 

0.202 

0.057 

0.044 

0.036 

0.40 

0.252 

0.051 

0.041 

0.032 

0.33 

0.302 

0.045 

0.036 

0.029 

0.27 

0.402 

0.037 

0.030 

0.025 

0.18 

0.502 

0.030 

0.025 

0.024 

0.10 

0.602 

0.024 

0.021 

0.017 

0.03 

0.702 

0.021 

0.019 

0.013 

0.01 

x  =  125.0 

in. 

0.012 

0.100 

0.079 

0.076 

2.00 

0.022 

0.100 

0.0  81 

0.070 

2.05 

0.032 

0.097 

0.076 

0.064 

2.00 

0.042 

0.094 

0.073 

0.061 

1.96 

0.062 

0.087 

0.067 

0.058 

1.87 

0.082 

0.083 

0.065 

0.055 

1.77 

0.102 

0.081 

0.063 

0.049 

1.60 

0.132 

0.076 

0.059 

0.044 

1.35 

0.162 

0.071 

0.056 

0.04  0 

0.84 

0.202 

0.065 

0.054 

0.040 

0.70 

0.252 

0.056 

0.047 

0.036 

0.63 

0.302 

0.046 

0.038 

0.030 

0.50 

0.408 

0.036 

0.029 

0.022 

0.25 

0.502 

0.031 

0.026 

0.017 

0.15 

0.602 

0.028 

0.025 

0.016 

0.13 

0.702 

0.021 

0.019 

0.012 

0.02 

t 

■ 

' 

N-. 
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TABLE  B . 4 


TURBULENCE  CHARACTERISTICS  FOR  RUN  NUMBER  8  (APG  II) 


x  =  12.5 

in. ,  h  = 

0.50  in.,  U 

=  117.0 

fps 

y  (ft) 

(u’/U) 

(v'/U) 

(w'/U) 

(-u' v'/U2) .103 

0.012 

0.170 

0.121 

0.101 

1.06 

0.015 

0.170 

0.122 

0.104 

1.55 

0.020 

0.172 

0.126 

0.105 

2.87 

0.030 

0.177 

0.132 

0.107 

4.95 

0.040 

0.182 

0.137 

0.114 

7.13 

0.060 

0.192 

0.146 

0.121 

10.43 

0.100 

0.210 

0.160 

0.128 

15.62 

0.120 

0.213 

0.166 

0.133 

18.11 

0.160 

0.202 

0.158 

0.117 

18.05 

0.200 

0.158 

0.127 

0.085 

9.80 

0.260 

0.068 

0.056 

0.043 

1.26 

0.300 

0.038 

0.032 

0.019 

0.09 

0.350 

0.038 

0.032 

0.011 

0.09 

x  =  25.0 

in. ,  U 

=  105.0  fps 

0.012 

0.120 

0.086 

0.072 

2.18 

0.015 

0.122 

0.092 

0.075 

2.64 

0.020 

0.125 

0.095 

0.074 

2.93 

0.030 

0.131 

0.100 

0.075 

3.22 

0.040 

0.134 

0.104 

0.075 

3.32 

0.060 

0.140 

0.110 

0.077 

4.50 

0.080 

0.144 

0.115 

0.077 

5.37 

0.110 

0.147 

0.117 

0.078 

6.40 

0.150 

0.147 

0.116 

0.080 

6.50 

0.200 

0.145 

0.115 

0.079 

6.45 

2.250 

0.134 

0.106 

0.073 

5.80 

0.300 

0.107 

0.086 

0.055 

3.25 

0.350 

0.075 

0.062 

0.041 

1.56 

0.400 

0.048 

0.042 

0.022 

0.80 

0.450 

0.030 

0.026 

0.014 

0.22 
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TABLE  B.4  (CONTINUED) 


x  =  50 .  0  in. , 

U  =  92.0  fps 

y ( ft)  (u'/U) 

(v'/U) 

(w'/U)  (-ITVVu2)  .io3 

0.012 

0.088 

0.062 

0.055 

2.70 

0.015 

0.089 

0.063 

0.055 

2.76 

0.020 

0.090 

0.065 

0.055 

3.00 

0.030 

0.093 

0.067 

0.056 

3.30 

0.040 

0.094 

0.069 

0.056 

3.48 

0.060 

0.095 

0.071 

0.056 

3.67 

0.080 

0.097 

0.073 

0.056 

4.00 

0.110 

00.98 

0.076 

0.056 

4.15 

0.150 

0.098 

0.076 

0.057 

4.50 

0.200 

0.097 

0.076 

0.054 

4.87 

0.250 

0.095 

0.075 

0.053 

4.70 

0.300 

0.090 

0.071 

0.052 

4.10 

0.350 

0.082 

0.066 

0.046 

3.30 

0.400 

0.075 

0.060 

0.041 

2.44 

0.450 

0.060 

0.050 

0.035 

1.83 

0.500 

0.052 

0.042 

0.028 

1.22 

0.550 

0.045 

0.036 

0.023 

0.26 

x  =  75.0 

in. ,  U  = 

84.6  fps 

0.012 

0.086 

0.062 

0.053 

2.65 

0.015 

0.087 

0.062 

0.054 

2.63 

0.020 

0.088 

0.063 

0.054 

2.91 

0.030 

0.089 

0.064 

0.055 

3.00 

0.040 

0.090 

0.065 

0.056 

3.12 

0.060 

0.091 

0.067 

0.056 

3.50 

0.080 

0.091 

0.068 

0.055 

3.80 

0.110 

0.093 

0.071 

0.055 

4.10 

0.150 

0.093 

0.070 

0.055 

4.28 

0.200 

0.093 

0.071 

0.053 

4.77 

0.250 

0.090 

0.070 

0.052 

4.61 

0.300 

0.085 

0.067 

0.048 

4.28 

0.400 

0.075 

0.060 

0.042 

2.97 

0.450 

0.067 

0.052 

0.037 

2.32 

0.500 

0.061 

0.047 

0.033 

1.47 

0.550 

0.055 

0.042 

0.029 

0.80 

0.600 

0.050 

0.040 

0.026 

0.22 

' 


’•  . 

' 
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TABLE  B . 4  (CONTINUED) 


x  =  100 . 0  in. , 

U  =  77.5 

fps 

y  (ft) 

(u’/U) 

(v’/U) 

(w’/u)  (-uTvnr/U2)  .103 

0.012 

0.082 

0.058 

0.051 

2.00 

0.015 

0.083 

0.060 

0.051 

2.12 

0.020 

0.085 

0.061 

0.052 

2.20 

0.030 

0.087 

0.062 

0.053 

2.32 

0.040 

0.089 

0.064 

0.053 

2.60 

0.060 

0.092 

0.067 

0.054 

3.10 

0.080 

0.093 

0.068 

0.056 

3.63 

0.110 

0.096 

0.071 

0.056 

3.80 

0.150 

0.096 

0.072 

0.056 

4.08 

0.200 

0.096 

0.072 

0.055 

4.71 

0.250 

0.095 

0.072 

0.054 

4.63 

0.300 

0.091 

0.070 

0.051 

4.45 

0.350 

0.084 

0.064 

0.04  5 

3.90 

0.400 

0.079 

0.061 

0.043 

3.29 

0.450 

0.075 

0.058 

0.040 

2.56 

0.500 

0.070 

0.054 

0.038 

1.83 

0.550 

0.066 

0.052 

0.036 

0.85 

0.600 

0.062 

0.048 

0.033 

0.15 

x  =  125.0 

in.,  U  = 

73.8  fps 

0.015 

0.083 

0.059 

0.053 

1.22 

0.020 

0.086 

0.061 

0.053 

1.83 

0.040 

0.090 

0.064 

0.054 

1.95 

0.070 

0.094 

0.069 

0.057 

3.06 

0.100 

0.097 

0.073 

0.060 

3.42 

0.150 

0.100 

0.076 

0.060 

4.03 

0.200 

0.100 

0.076 

0.060 

4.60 

0.250 

0.104 

0.080 

0.059 

4.90 

0.300 

0.097 

0.073 

0.060 

4.64 

0.350 

0.093 

0.071 

0.056 

4.22 

0.400 

0.088 

0.067 

0.050 

3.80 

0.450 

0.084 

0.066 

0.050 

3.17 

0.500 

0.081 

0.063 

0.044 

2.81 

0.550 

0.080 

0.062 

0.043 

2.04 

0.600 

0.078 

0.061 

0.042 

1.40 

0.650 

0.077 

0.061 

0.042 

0.85 

> 
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TABLE  B.5 


TURBULENCE  CHARACTERISTICS  FOR 

RUN  NUMBER  9 

(APG  III) 

x  =  6.25 

in. ,  h  =  0 . 

25  in.,  U 

=  136.0  fps 

y  (ft) 

(u'/U) 

(V/U) 

(w'/U)  ( 

-iFvVu^)  .ioJ 

0.012 

0.176 

0.130 

0.096 

00 

. 

m 

0.015 

0.168 

0.119 

0.098 

— 

0.020 

0.175 

0.126 

0.104 

— 

0.030 

0.188 

0.137 

0.116 

4.95 

0.040 

0.201 

0.148 

0.125 

7.58 

0.050 

0.213 

0.160 

0.136 

9.72 

0.060 

0.220 

0.166 

0.143 

11.93 

0.070 

0.226 

0.173 

0.146 

14.34 

0.080 

0.223 

0.173 

0.142 

15.95 

0.090 

0.207 

0.161 

0.129 

13.50 

0.100 

0.188 

0.149 

0.111 

11.27 

0.110 

0.158 

0.125 

0.091 

8.22 

0.120 

0.132 

0.106 

0.069 

5.35 

0.130 

0.109 

0.088 

0.054 

3.40 

0.140 

0.078 

0.077 

0.040 

1.72 

0.150 

0.068 

0.057 

0.033 

0.94 

0.170 

0.047 

0.040 

0.021 

0.22 

x  =  12.5 

in.,  U  = 

122.0  fps 

0.012 

0.152 

0.108 

0.078 

3.75 

0.015 

0.155 

0.111 

0.078 

4.37 

0.020 

0.159 

0.116 

0.080 

4.68 

0.030 

0.166 

0.123 

0.082 

6.23 

0.040 

0.170 

0.130 

0.081 

7.81 

0.060 

0.177 

0.136 

0.084 

9.83 

0.080 

0.184 

0.141 

0.085 

11.83 

0.100 

0.183 

0.142 

0.0  84 

12.86 

0.120 

0.170 

— 

0.080 

— 

0.140  . 

0.161 

0.123 

0.073 

10.00 

0.160 

0.142 

0.109 

0.065 

7.60 

0.180 

0.115 

0.089 

0.051 

4.60 

0.200 

0.091 

0.073 

0.038 

3.04 

0.220 

0.067 

0.055 

0.028 

1.50 

0.240 

0.047 

0.039 

0.020 

0.80 

0.260 

0.041 

0.032 

0.017 

0.38 

' 
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TABLE  B . 5  (CONTINUED) 


x  =  25.0  in. , 

U  =  107.3 

fps 

y  (ft) 

(u’/U) 

(v'/U) 

(w'/U)  (-urvr/U2)  .103 

0.012 

0.113 

0.080 

0.068 

1.38 

0.015 

0.115 

0.083 

0.070 

1.41 

0.020 

0.120 

0.087 

0.071 

1.50 

0.030 

0.125 

0.092 

0.070 

1.62 

0.040 

0.128 

0.096 

0.072 

1.70 

0.060 

0.132 

0.099 

0.073 

2.06 

0.080 

0.137 

0.104 

0.073 

2.27 

0.100 

0.139 

0.107 

0.073 

2.50 

0.130 

0.141 

0.104 

0.074 

2.90 

0.160 

0.140 

0.111 

0.074 

2.92 

0.200 

0.137 

0.105 

0.072 

2.40 

0.250 

0.117 

0.090 

0.064 

1.21 

0.270 

0.107 

0.083 

0.058 

0.90 

0.300 

0.095 

0.075 

0.050 

0.32 

x  =  50.0 

in . ,  U  = 

90.0  fps 

0.012 

0.098 

0.068 

0.060 

1.00 

0.015 

0.100 

0.070 

0.061 

1.00 

0.020 

0.102 

0.073 

0.062 

1.12 

0.030 

0.106 

0.077 

0.065 

1.21 

0.040 

0.110 

0.080 

0.064 

1.38 

0.060 

0.113 

0.085 

0.063 

1.62 

0.080 

0.114 

0.086 

0.063 

1.75 

0.100 

0.115 

0.087 

0.063 

1.94 

0.130 

0.116 

0.088 

0.063 

2.23 

0.160 

0.114 

0.087 

0.064 

2.50 

0.200 

0.112 

0.086 

0.064 

2.76 

0.250 

0.109 

0.084 

0.062 

2.70 

0.300 

0.106 

0.081 

0.057 

2.10 

0.350 

0.100 

0.077 

0.054 

1.54 

0.380 

0.094 

0.073 

0.051 

1.20 

0.400 

0.090 

0.069 

0.048 

0.97 

V 

l 
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TABLE  B . 5  (CONTINUED) 


x  =  87.50  in. , 

U  » 

77.2  fps 

y  (ft) 

(u'/U) 

(v'/U) 

(w'/U)  (-uV/U2)  ,103 

0.012 

0.092 

0.065 

0.059 

0.73 

0.015 

0.095 

0.067 

0.059 

0.72 

0.020 

0.099 

0.071 

0.060 

0.85 

0.030 

0.103 

0.075 

0.062 

0.97 

0.050 

0.109 

0.081 

0.066 

1.37 

0.070 

0.115 

0.084 

0.067 

1.58 

0.090 

0.118 

0.088 

0.068 

1.80 

0.120 

0.121 

0.090 

0.069 

2.00 

0.150 

0.126 

0.094 

0.069 

2.26 

0.200 

0.129 

0.096 

0.069 

2.60 

0.250 

0.127 

0.095 

0.069 

2.70 

0.300 

0.121 

0.089 

0.069 

2.43 

0.350 

0.114 

0.086 

0.063 

2.00 

0.400 

0.108 

0.084 

0.059 

1.62 

0.450 

0.099 

0.077 

0.053 

0.90 

0.500 

0.094 

0.073 

0.048 

0.36 

x  =  125.0 

in . ,  U  = 

72.5  fps 

0.012 

0.092 

0.066 

0.058 

0.56 

0.015 

0.092 

0.065 

0.058 

0.53 

0.020 

0.096 

0.069 

0.060 

0.62 

0.030 

0.101 

0.074 

0.062 

0.81 

0.050 

0.105 

0.078 

0.063 

0.93 

0.070 

0.110 

0.081 

0.065 

1.45 

0.090 

0.114 

0.086 

0.067 

1.62 

0.120 

0.120 

0.091 

0.068 

1.81 

0.160 

0.124 

0.094 

0.071 

2.17 

0.200 

0.131 

0.100 

0.073 

2.40 

0.250 

0.133 

0.101 

0.077 

2.72 

0.300 

0.132 

0.101 

0.077 

2.70 

0.350 

0.132 

0.100 

0.077 

2.35 

0.400 

0.126 

0.099 

0.074 

2.10 

0.450 

0.123 

0.096 

0.068 

1.60 

0.500 

0.114 

0.091 

0.064 

1.10 

0.550 

0.109 

0.086 

0.061 

0.41 

0.600 

0.105 

0.084 

0.051 

0.08 
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